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ABSTRACT 


A mercury-based electrochemical detector for 
high performance liquid chromatography has been de- 
veloped for the purpose of detecting biologically 
active sulfhydryl-containing molecules in eluates. The 
detector has an approximately 0.8-mm diameter Hg pool 
working electrode and is constructed from a machined 
block of Plexiglas. The characteristics of the detector 
and its response to sulfhydryl-containing amino acids 
and a variety of other compounds including inorganic 
sulfur compounds and some metal species have been 
studied. The detector has a potential range from about 
+0.2 V to about -1.2 V vs. SCE depending on pH. 

Procedures have been developed for the determi- 
nation of glutathione in whole blood, of reduced and 
total penicillamine (reduced plus oxidized penicill- 
amine) in plasma, packed erythrocytes, whole blood, and 
urine, of reduced and total cysteine (reduced plus oxi- 
dized cysteine) in plasma and urine, of total homo- 
cysteine (reduced plus oxidized homocysteine) in plasma, 
and of cysteine and glutathione in fruit juices. The 
procedures are based on the separation of the thiols 
by high performance cation-exchange chromatography, 
followed by detection with the mercury-based electro- 
chemical detector. The detector has a detection limit 
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of approximately 10° M for a sample injection of 10 ul, 
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and at an electrode potential of +0.1 V vs. SCE, it is 
selective for sulfhydryl components in the biological 
fluids analyzed. Total thiol is determined by electro- 
lytic reduction at a mercury pool electrode prior to 
the HPLC analysis. 

The procedures have been used to determine 
glutathione in whole blood of normal adults, reduced 
and total penicillamine in blood and urine from patients 
on D-penicillamine therapy for rheumatoid arthritis, 
reduced and total cysteine in plasma and urine of normal 
adults, total homocysteine in plasma of normal adults, 
and cysteine and glutathione in juices from several 
fruits. For glutathione, the LC method has been checked 
by comparison with the colorimetric assay based on 
reaction with 5,5' -dithiobis-(2-nitrobenzoic acid)-. Dhe 
LC results are consistently slightly lower, presumably 
because of the greater selectivity of the LC method. 
The results obtained for penicillamine suggest that the 
LC method with electrochemical detection may provide a 
useful technique for pharmacokinetic studies on D-peni- 
cillamine. For cysteine, results are presented which 
suggest that cysteine disulfide exchange reactions are 
a source of error in the iodoacetate method for the 


determination of cysteine in plasma. 
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Sch CGS gta haa eae s 


Representative chromatogram obtained 


for a whole blood sample from a patient 
on D-penicillamine therapy for rheumatoid 
arthritis. The penicillamine peak occurs 
at about 3 min. Peak height corresponds 


Pouce en Vor Miner oil. 


Time course for plasma penicillamine 
concentrations in two subjects after 
ingestion of 750 mg of D-penicillamine. 
fe) ie) 


250 mg and then 500 mg 
D-penicillamine 4 hours 
later. 


dose of D-penicillamine. 
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Time course for the ratio of total 

penicillamine to reduced penicillamine 

calculated from the data in Figure 31. 
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e e *;:; subject B. 

xyrrmirims©~s©£ ; «Normal range according to 
Table wm 10Or patients 
treated with D-penicill- 
amine over an extended 
time period. 


Representative chromatogram from the 
determination of cysteine in a urine 
sample. The sharp unretained peak at 
about 1.5 min. is due to changes in 
double layer capacitance at the mercury 
surface as well as to the detector 
response to chloride present in the 
sample. cae height corresponds to 
lntax HO °ceM cysteine. 


Representative chromatogram from the 
detection of cysteine and homocysteine 

in an electrolyzed plasma sample. The 
sharp unretained peak at about 1.5 min. is 
due to changes in double layer capacitance 
at the mercury surface as well as to the 
detector response to chloride present in 
the sample. The cysteine peak appears at 

4 min. and the homocysteine peak at about 
6.5 min. Between 1/2 min. and 2 min., 
recorder sensitivity was changed to keep 
the unretained peak on eee Peak heights 
correspond to 6.0 x 10°" M cysteine and 
6.1 x 10°° M homocysteine. 


Representative chromatogram obtained from 
juice from a ripe tomato. Peak heights 
correspond to_6.8 x 10 - M glutathione 
and 4.6 x 107? M cysteine. 
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DETERMINATION OF BIOLOGICALLY ACTIVE SULFUR-CONTAINING 
COMPOUNDS BY HIGH PERFORMANCE LIQUID CHROMATOGRAPHY 
WITH A MERCURY-BASED ELECTROCHEMICAL DETECTOR 
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CHAPTER I 


INTRODUCTION 


A. Presence and Function of Some Biologically Active 
Disulfide and Sulfhydryl-Containing Molecules 


All living organisms require sulfur in some 
suitable form, and in higher animals this need is met 
by the amino acids L-cysteine (I), L-cystine (II), and 
L-methionine (III) 
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together with the heterocyclic compounds biotin and 
thiamine. The ingested sulfur appears in cells in only 
three principal chemical fractions which are to some 
extent interconvertible (1). One of these is the sulfide 
fraction, made up of methylated sulfhydryl groups from 
methionine residues of cellular proteins (1). Sulfur 
also appears as sulfate bound chiefly as ester or amide 
sulfate in various polysaccharides and steroids (1). 
Among naturally-occuring inorganic forms of sulfur is 
sulfite, which plays an intermediary role in sulfate 
metabolism and has been detected in seminal plasma (2). 
Mammalian urine generally contains thiosulfate and 
thiocyanate, and the latter is known to occur in secre- 
tions such as saliva (3). 

The third fraction of sulfur is that present in 
sulfhydryl and disulfide forms. The disulfide-contai- 
ning amino acid cystine was first discovered in 1810 by 
Wollaston (4) in stones of bladder, whence it obtained 
its name. Only years later was it found in proteins (5) 
and its structure established (6). In 1907 sulfhydryl 
- groups in proteins were discovered (7), but it was the 
discovery of glutathione (y-L-glutamyl-L-cysteinyl- 


glycine, IV) 
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and the study of its functions in the chemical dynamics 
of the cell (8) which excited wide interest in the inves- 
tigation of sulfhydryl groups. 

Glutathione (GSH) is the most widely distributed 
nonprotein thiol in living organisms. Its intracellular 
concentration is normally at least an order of magnitude 
higher than that of other nonprotein thiols (9). The 
extracellular glutathione concentration, however, is too 
low to be measured with available techniques. Despite 
its tendency to oxidize, the glutathione is maintained 
predominantly in the reduced form. Small amounts of the 
oxidized form, GSSG, are usually also detectable, but 
it is uncertain whether these are artifacts arising from 
the isolation procedure or whether they represent actual 
presence in tissues (10). 

The high intracellular GSH concentration is 
thought to have several protective functions. In one of 
these, GSH is utilized as a reductant in several enzyme- 
catalyzed reductions, such as for example the reduction 
of H50, (11) and of several disulfides (12,13). GSH also 


protects intracellular protein against radiation (14). 
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When the GSH-GSSG status of the cell is disturbed, it is 
re-established by resynthesis of GSH and/or rapid reduc- 
tion of GSSG. In the liver and kidney, glutathione is 
involved in the detoxication of a variety of potentially 
harmful electrophilic compounds (R) through enzyme- 
catalyzed conjugation (15). The end products of the 


reaction, mercapturic acids (V) 


R-S-CH,-CH-COOH 
eae We: 
O 


(Vv) 


which are conjugates of N-acetyl-cysteine, can be detec- 
ted in the urine. 

Apart from its protective functions, glutathione 
has been shown to participate in the y-glutamyl cycle, 
a series of six enzyme-catalyzed reactions which has 
been proposed (16) as one mechanism for the transport 
of amino acids across cell membranes. This cycle also 
accounts for the synthesis and degradation of gluta- 
thione. A number of enzymes also require GSH as coen- 
zyme (17), such as for example glyoxalase in the hydra- 
tion and rearrangement of methyl glyoxal to lactic acid. 

One of the components needed in the synthesis of 
glutathione is cysteine. Despite its abundance in bound 
forms, there is normally little free cysteine or cystine 


in cells and in extracellular fluids (18). Cysteine and 
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cystine are, however, both present in measurable quanti- 
ties in the plasma and in the urine of normal persons. 
The level of cysteine, which is produced by reduction 
of cystine formed by hydrolysis of dietary protein and 
which appears as a metabolite in the degradative path- 
way of methionine to sulfate, is about 10% of the cys- 
tine level. Although cystine greatly predominates over 
cysteine an extracel! lular-fiuids, vthe reverse is true 
inside cells because absorbed cystine is rapidly reduced 
to cysteine. Since homocysteine (VI) 

NH, 
Raa Rg de 
SH 

(VI) 


appears as a metabolite linking methionine and cysteine 
(19), it would be expected to be present in normal 
plasma although in low concentration. So far, however, 


neither homocysteine nor homocystine (VII) 
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have been detected in the free state. The cysteine- 


homocysteine mixed disulfide (VIII), 
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CH,.-CH-COOH 
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on the other hand, has been reported to be present in 
normal plasma (20). 

In congenital metabolic defects such as cystin- 
uria and homocystinuria, excessively large quantities 
of cystine and homocystine are excreted in the urine. 
Cystinuria arises from a defect in the reabsorption of 
cystine across the renal tubules (21) whereas homo- 
cystinuria usually is caused by a deficiency in the ac- 
tivity of the enzyme cystathionine synthetase (22). In 
the case Of .cystinuria,; some lot the cystine, due to its 
low solubility, crystallizes in the kidney as renal 
stones. In another human congenital abnormality, cystin- 
Osis, cystine accumulates in cells, probably due to a 
defect in the intracellular reductive mechanism of ab- 
sorbed cystine (23). 


Several thiols and disulfides are also used as 
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drugs, which may be administered over prolonged periods. 
One of these is the sulfhydryl-containing amino acid 
D-penicillamine (IX), 
NH, 
oe a 
SH 
(1X) 


which has been extensively used since 1956 (24) for 
complexing copper ions in Wilson’s disease and thus in- 
creasing their urinary excretion. The rate of elimina- 
tion of other metals such as Pb, Hg, and As is also in- 
creased, but the effect on Hg and As is not comparable 
with that of BAL (2,3-dimercaptopropanol) (25), another 
sulfhydryl-containing compound. D-penicillamine. is also 
used in the treatment of the above mentioned congenital 
disorders cystinuria and cystinosis where it functions 
by reacting with deposited insoluble cystine to form the 


soluble cysteine-penicillamine mixed disulfide (X), 
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Which is readily excreted in the urine. D-penicillamine 
is also one of several drugs currently used for the 
treatment of rheumatoid arthritis (26). Its mechanism 


of action in this disease is still not understood. 


Be. Methods for Determination of Biologically Active 
Disulfide and Sulfhydryl-Containing Molecules 


Because of the wide interest in the chemistry 
and biochemistry of disulfide and sulfhydryl-containing 
molecules, a multitude of methods has been devised for 
their determination. Most of the techniques, however, 
are rarely applied to biological samples because they 
have insufficient specificity, or low sensitivity, or 
‘oth. In addition, some techniques are too tedious to 
Dewolsany practical value. 

The nonprotein disulfides can be assayed either | 
directly or indirectly. Direct assays include those 
based on fluorescent reagents such as o-phthalaldehyde 
which reacts with oxidized glutathione er derivati- 
zation of reduced glutathione with N-ethylmaleimide (27), 
specific enzyme-catalyzed reduction with NADPH, CLe zon 
and ion-exchange chromatography (29-35). In most indi- 
rect methods, the disulfides are first reduced in one of 
a variety of ways such as electrolytically (36), or with 
tinwius7 meine oS) sulti te (590.0 cyanide (40). thiols 
(41), potassium borohydride (42), or Thiolated Sephadex 


(43). The liberated thiol is then assayed by a suitable 
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technique for sulfhydryl groups. The most important of 
the methods for sulfhydryl groups can be classified as 
(a) titrations based on mercaptide formation, (b) redox 
titrations, (c) electrochemical methods, (da) spectros- 
copic methods, (e) enzymatic methods, and (f) chromato- 
graphic methods. Since glutathione, penicillamine, cys- 
teine,and homocysteine have been of major interest in 
this thesis, references will be limited to the more 
important assays available for these molecules. 
a Titrations Based on Mercaptide Formation 

In 1948 Benesch and Benesch (44) showed that 
glutathione and cysteine could successfully be titrated 
with silver ions in ammoniacal solution eee an ampero- 
metric endpoint. They applied the technique to the de- 
termination of glutathione in rat blood and rat tissue 
(45). Since this initial work, silver ions have been ex- 
tensively used for the determination of small sulf- 
hydryl-containing molecules. With slight modifications 
of Benesch’s conditions, Sluyterman (46,47) titrated 
glutathione and cysteine, and Grimes (48) determined 
glutathione routinely in erythrocytes. Aibara et al (49) 
and Shol’ts (50) reported that cysteine and penicill- 
amine gave high results, whereas glutathione gave the 
theoretical titer. Glutathione, cysteine, and homocys- 
teine have also been estimated potentiometrically with 


a silver electrode (51), and Ladenson and Purdy (52) 
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introduced coulometrically-generated silver for the 
titration of glutathione in whole blood. 

Other metal ions used to titrate glutathione and 
cysteine include lead(II) with catechol violet as end- 
point indicator (53) and mercury(II) in aqueous (54,55) 
and nonaqueous (56) solutions with potentiometric and 
amperometric endpoint detection. Because of the diffi- 
culty in controlling the stoichiometry of the reactions 
with silver(I), lead(II), and mercury(II), organo-mer- 
cury reagents containing only one available valency 
have replaced most of the other metal ions. Cysteine has 
been determined with p-chloromercurybenzoate (57) and 
phenylmercuric acetate (58), and Wronski (59) deter- 
mined glutathione and cysteine in the presence of each 
other with o-hydroxymercurybenzoate using thiofluores- 
cein as indicator. 
bd) Redox Titrations 

Iodine is probably the most popular of the 
various oxidizing reagents used for thiols. As early as 
1925, Tunncliffe (60) reported the direct titration of 
| glutathione in various tissues with I, using nitro- 
prusside as endpoint indicator. With minor modifications 
such as for example the introduction of starch as end- 
point, indicator or back titration of excess iodine, this 
procedure soon was widely applied to glutathione in 
blood and tissues (61-66). Cysteine has been determined 


with I. under similar conditions (67) and also with 
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coulometrically-generated I, (68). 

Woodward and Fry (69) titrated glutathione with 
iodate after addition of iodide to the sample. Divin et 
al (70) stated that this method gave low results and 
recommended addition of iodide to the iodate titrant 
rather than to the sample. The iodate method has since 
been used for several glutathione determinations in 
biological materials (71-73) even in the presence of 
ascorbic acid (74). Other oxidizing agents which have 
been used as titrants, particularly for cysteine, in- 
clude coulometrically-generated bromine (75), N-bromo- 
succinimide (76), copper(II) plus sulfite (77), and 
ferricyanide (63). The specificity, however, of these 
oxidants is much too low to make them practical in most 
studies of biological samples. 

c) Electrochemical Methods 

The majority of electrochemical determinations 
of glutathione and cysteine utilizes classical polaro- 
graphy. Direct determination using the anodic diffusion 
current of the thiol (78,79) has been applied to the 
determination of glutathione in fruits (74,80). The 
polarographic determination of excess reagent such as 
methylmercuric iodide (81) and N-eethylmaleimide (82) 
added to the sample has also been reported. Other elec- 
trochemical methods include the voltammetric determi- 
nation of cysteine after collection on a hanging mer- 


cury drop electrode (83) and the in vivo determination 
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of cysteine in rats via cyclic voltammetry (84). 
d) Spectroscopic Methods 

One of the more extensively used color-developing 
reagents for the detection and determination of gluta- 


thione and cysteine is undoubtedly nitroprusside (XI). 


— 


[Fe(CN),NO] 
(XI) 


Probably the first mention of this reagent for thiols 
was by Morner (5). It has frequently been used in the 
presence of cyanide in screening tests for cystinuria 
and homocystinuria (85). Later the toxic cyanide was 


replaced by the reductant NaBH, in these tests (86). 


4 
Bierich and Rosenbohm (87) developed a procedure using 
nitroprusside to determine glutathione in tissues. 

This procedure soon was slightly improved (88) by sub- 
stitution of trichloroacetic acid by metaphosphoric 

acid for protein precipitation, and it was found to be 
an improvement on titrations with iodine because of non- 
interference from ascorbic acid. Even after the addition 
of cyanide (89) which to some extent stabilizes the de- 


veloped color, the color formed has been reported to be 


impractically temperature dependent and unstable (90). 
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After the introduction by Beutler et al (90) of 5,5'- 


dithio-bis(2-nitrobenzoic acid), or DINB (XII), 


HOOC COOH 


(XII) 


which gives rise to a much more stable color with gluta- 
thione, the.use.of nitroprusside declined rapidly..,With 
the DTNB method, the total of the free sulfhydryl groups 


in a sample is determined according to Reaction 1 
Powe t Woe). a= RSS) 4 DS ey) 


where DINB is abbreviated DSSD. It is therefore nonspe- 
cific for a particular thiol, but nevertheless it is 
probably the most commonly used method for routine glu- 
tathione determinations in biological materials (91-93) 
and has recently been automated with a Technicon Auto 
Analyzer (94). It has also been used for cysteine in 
normal ana cystinuric urine (43). A similar reagent, 
dithio-bis(4-nitrobenzene) was used by Stevenson et al 
(95) to determine glutathione in red blood cells. A 
more specific assay for glutathione is obtained with the 
color-developing reagent alloxan (96), but low recovery 
anooarrevrodaucible results have been reported with this 


technique (52). Other spectrophotometric methods applied 
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to glutathione in biological samples include heating 
with conc. H,S0, (97) to possibly form a thiazoline ring 
by dehydration, and measuring the decrease in absorbance 
of a palladium(II)chlorpromazine solution by competitive 
displacement of the ligand by glutathione (98). The for- 
mer was reported to be specific but to lack sensitivity. 
A fluorometric method based on the product formed be- 
tween glutathione and o-phthalaldehyde has also been 
reported (99,100). The method showed no interference 
from cysteine, homocysteine, and ergothioneine. For cys- 
teine in biological materials, several color-developing 
reagents have been tried. These include 2,6-dichloroben- 
zoquinone (101), p-aminodimethylaniline (102,103), nin- 
hydrin in acetic acid-HCl solution (104,105), and nor- 
adrenochrome (106,107). Penicillamine is generally de- 
termined as its blue Fe(III) complex (108). This method, 
however, has been reported to lack precision (109). For 
homocysteine, a method based on the absorbance at 230 nm 
of its thioester has been described (12). 
e) Enzymatic Methods 

Several enzymatic methods for glutathione have 
been described (110). These methods are based on reac- 
tions in¢which glutathione,functions asa. specific acti- 
vator of enzymes such as glyoxalase (111), formaldehyde 
dehydrogenase (112), or maleylacetoacetic acid isomerase 


(113). Woodward (111) described an enzymatic method for 
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glutathione based on the glyoxalase system represented 


by Keactions 2 and “3, 


we, Glyoxalase I yO 
ia £4 
CHz-C-C. + GSH —————_ CH-CH-C (2) 
a eh erste 
O OH 
Glyoxalase II ; 0 
Z “4 
CHz-CH-C —_—_—— CH,-CH-C +°GSH (3) 
[Desc ee.20n 


OH OH 


in which he measured the rate of evolution of CO, from 
a solution containing bicarbonate. He used a plot of 
the volume of CO. obtained in 20 min. versus concen- 
tration of standard glutathione: solution as calibration 
curve. The rate of the reaction has since been mea- 
sured in several ways. Schroeder and Woodward (114) 
eliminated manometry by measuring the methylglyoxal 
disappearance iodometrically. A more convenient modifi- 
Cation is probably the; titrimetric determination of the 
rate of lactic acid formation (115). Most common, how- 
ever, is the spectrophotometric measurement (116) of the 
intermediate, S-lactoylglutathione, which is formed 
duantisa vive byeiwithinea Wew minutes.~=The other enzyme 
reactions used for the determination of glutathione 
(112,113) are also followed spectrophotometrically, ei- 
ther by measuring the decrease in substrate or the in- 


crease in product concentration. These techniques are 
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extremely sensitive and selective, and their only draw- 
back is that they tend to be somewhat tedious. 
f) Chromatographic Methods 

Glutathione and cysteine in biological samples 
have been separated from naturally occuring amino acids 
by paper chromatography (117-121). This is probably the 
Simplest and least expensive of the chromatographic 
methods, but usually only semiquantitative results or 
@€stimates are obtained. 

Of the column chromatographic methods, ion- 
exchange is almost the only technique used. Brigham et 
al (30) developed a procedure for cysteine in plasma and 
urine using an automated amino acid analyzer with ninhy- 
drin detection, which at the present time appears to be 
the method of choice for cysteine (122-124). To. stabi- 
irse ther cysteine azainst Oxidation and (disulfide ‘ex- 
change, in which it as the deprotonated sulfhydryl .group 
which is reactive, it is converted, intoOats S-carboxy— 
methyl derivative by reaction with iodoacetic acid 
before the ion-exchange step. Since the color-developing 
reagent ninhydrin, which reacts nonspecifically with 
tic amino. 2rouy Ol amino, acids, 25,used, for detection, 
the cysteine derivative must be separated from all other 
amino acids in the sample by the ion-exchange column. 
This causes the analysis time to be excessively long, 
Tee senoure, Lor Cyeteine and i 4o)nours Tom cystine. 


Kecently Tabor and Tabor (125) determined glutathione 
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by automated anion-exchange chromatography after deriva- 
tization with N-ethylmaleimide and iodoacetic acid. They 
also used detection with ninhydrin, and an elution time 
of about 60 min. was needed. Cysteine, homocysteine, 

and penicillamine have also been determined by ion- 
exchange chromatography after oxidation with performic 
acid (109,126,35), and in one of the procedures (35), 
detection was performed with sulfur specific iodopla- 
tinate. Resins containing mercury (127,128) and radio- 


haneleda. 


Ag (129) have been used to separate gluta- 
thione and cysteine, and in the latter, detection with 
agscintil bation counterugaveadetectionwhimitsiof 


Cua e 


M. The quantitative determination by gas- 
liquid chromatography after suitable derivatization has 
been reported for glutathione (130,131) and for 


cysteine, homocysteine, and penicillamine (132). 


C. Determination of Small Biologically Active Suif- 
hydryl-Containing Molecules by Ion-Exchange Chroma- 
tography with Electrochemical Detection 


If the determination of only one or two amino 
ec1ds in a Complex blOLOSical sample is of anterest, the 
major disadvantage of an automated amino acid analyzer 
with ninhydrin detection becomes the time requirement 
for a single separation which can amount to several 
hours. This is, as has already been pointed out, due to 


the nonselectivity of the ninhydrin detection system 
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which necessitates separation of the one or two amino 
acids of interest from all other ninhydrin-positive 
molecules present in the sample. A way around this pro- 
blem is to use selective detectors. In this’ thesis, this 
approach has been used to develop fast, sensitive, and 
selective methods for the analysis of biologically ac- 
tive thiols’ in biological fluids’ by ‘high performance 
ion-exchange chromatography. For this purpose, an 
electrochemical detector based on a mercury pool elec- 
trode has been developed. 

Several electrochemical detectors (133-146) have 
been described, and they have been shown to be simple, 
sensitive, and selective. Carbon paste’ is the most com- 
monly used eiectrode material, on which, unfortunately, 
sulfhydryl-containing molecules are oxidized only with 
great difficulty. Mercury, however, is easily depola- 
rized by thiols over a wide potential range. Detectors 
using a dropping mercury electrode (135,143) have been 
described, but these are rather awkward and mechani- 
cally unstable devices. A detector using mercury-plated 
platinum (143) has also™been described, but-it is -un- 
suitable for the present application because mercury is 


consumed in the electrode reaction (4) with thiols. 


RSH + Hg === HgSR + H’ + © (4) 


Withh Tne shinsminds a simple@stationary *mércury pool 
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detector with high sensitivity was developed. The use 
of this detector in combination with modern high per- 
formance ion-exchange chromatography for the determina- 
tion of biologically active sulfhydryl-containing mole- 
cules provides to a great extent the sought-for charac- 
LeLrUstiLcsvor Wsinplicatyy, sensitivity sland selectivity. 
Prior to the start of this thesis ‘research, 
there were no reports in the literature of ion-exchange 
chromatography of biologically active sulfhydryl-con- 
taining molecules with direct electrochemical detection. 
Kissinger (147) has recently mentioned an unpublished 
procedure in which post-column addition of ferricyanide 
is used to oxidize the eluted thiols, and the formed 
ferrocyanide is quantitated electrochemically with a 
carbon “vaste electrodes Veryirecently (Cox iand Przyjazny 
(148) used a carbon paste electrode to detect Onye cic 
sulfur compounds eluted from a liquid chromatograph, 
and the performance of the detector was compared to 
that of a flame photometric detector (149). Specific 
detection of sulfur-containing molecules has also been 
obtained with post-column addition of iodoplatinate 


aa e 


D. Overview 


Since electrochemical detectors for liquid 
chromatography are sensitive and selective, a study was 


undertaken to develop such a detector based on a mercury 
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DOO] wh2cn could) pemised,tor the detection of biologi- 
cally active sulfhydryl-containing molecules. In Chapter 
til, the :chameactervetics “and potential applicability of 
the developed detector are discussed. Because the di- 
sulfides are electroactive only at very negative poten- 
tials, they were assayed indirectly after electroreduc- 
tion at a mercury pool cathode. The electrolysis cell 
constructed for this.purpose. isidescribed.in Chapter II. 
A cation-exchange column was used to separate the sulf- 
hydryl-containing molecules and a study to determine 
the chromatographic conditions is presented in Chapter 
Vee 

The developed methods has been applied to the 
deLerminew On Obese lucatntone. nenicillamine y cysteine, 
homocysteine, and their respective disulfides and mixed 
disulfides in biological fluids. The detailed sample | 
treatments are given in Chapter Il, and the results of 
these studies are presented and discussed in Chapters 


V-Vill. 


: enh ae | ; wa Par oy 
i - Hp " ad ul a sah ? hi ian ol 


ey they wea LIK apa Me 


iy 


i Dy sary | me : 
; yee en Le ie ; \ 
ry ak ‘ Rill yin Can a \ a, cf Tub 
* athe oe? hk hl Bi a t i A sot bg ye em mm ape 
f Vik y 5 


Stet ee seve ial nea 


; ‘ 
: iy 7 Wa) H 
' ; i we im 
id ae, | me hos 4 
mw hlisea, ele i Pr a hig 
, ie 1 : ca Ri vi i 
1 ; nS ‘e vith oj ‘ | 
i MT. it pe ‘ f 4 4 int ; ee hs unig i ain byt cleat ae 
rae bs dit din Wis veda 0 sae wee ae be Pa eins 
read Ge * eu Tyee hrs AY. Rite avg Le Smiuehr Fewer ve ia badiut ns 
; Y eee Ny eo ee Ay ie ' fa 
; cua ia : -. 
i i 
t bal 
J \ 
; : i ; ; vg rf 3 ; 1 : : oS 
e "i ‘ie 5 Nien ei Gila ig See ee ee ve ee hi ey 
; ' . ty ib t i a ¥, a Peat cari: t Pa mh el | 
j Oe ie r i, ; i Sac We 
. Cea ee uh sy lhc bay 
1 ’ are ge | F Mes i. hd he, i ee > ” ae 7 ote iE % F ad ba): 
a q ory ; vad oy 1 oF Peon Ae iP 
ri i : oT, tee ; f rn een ; i } 
ees ’ a ‘bh 
7 - ‘ 
i 5 . jar t 
Dus j x a - ya Ai i ‘fr PAIN) iy CAAL rT ws hie 
aye i + a oy at 
; . ay va 5 
; oon ji sly ad , 7) ne te j my De a) ete t 
RN ee ei ee a i Linas — hi ) 
oa ui bbe a hy nie ey , : 
f } ¥ oe a } vi % ne 
1, A PS ig bm 
= ' ‘ A r 
‘ : 
a r ; 
‘ qn a : yu ya 
‘ 
io f 
it nN 
u Cn \ f? 
v as 1 i. 
h 4) ft) itm 
i ; Ay ae ae A % 
AP AP ees 
: Ml, r « Ob 7 
i a ey 
veh ap eee 
: ; - re A sok 
4, 7 ¥ ae 
; 7 none ih b at a SS 
' AL Ear ny ie | 
if : ee . i ny er 
ae aE i ¥ Wa : 
F oh Vou) 
fs 


ey ae 
. " iy i Cae uy : - oe 
aes ta 


; me ft ae ie a Ph ‘a an 
r i ie i: ‘ yy a hia mr a I" yn ‘i : py 
Re) BA vat th) eae ie By are ih 


CHAPTER £0 


EXPERIMENTAL 
Av Chenicalks 


i) Eluents and Sample Treatment 
Disodium hydrogen orthophosphate (BDH), citric 

acid (BDH), boric acid (Fisher Scientific), lithium 
hydroxide (J. T. Baker Chemicals), phosphoric acid 
(Terochem. Laboratories Ltd.), Na, H,EDTA+2H,0 (Aldrich), 
metaphosphoric acid (Mallinckrodt), sodium tetrahydrido- 
borate (Terochem. Laboratories Ltd.), and 5,5 -dithio- 
bis(2-nitrobenzoic acid), or DINB, (Sigma) were all 
used as received. All concentrations of metaphos- 
phoric acid were based on the weight of the mixed 
NaPO,{-HPO 


58.0-62.0% NaPO, and 34.0-36.0% HPO,). The 


b; 3 ( 2 
solutions of metaphosphoric acid were stored a maximum 
of three days in the refrigerator before fresh solu- 
tions were prepared. 
ii) ~ Standards 

Glutathione (Sigma), oxidized glutathione (Sigma), 
cysteine (Nutritional Biochemicals Corp.), cystine 
(Aldrich), penicillamine (ICN Pharmaceuticals), homo- 
cysteine (Nutritional Biochemicals Corp.), N-acetyl- 
cysteine (K&K Laboratories), cysteamine (Aldrich), and 
ergothioneine (Sigma) were used as received. The 


purity of glutathione was determined by titration with 


coulometrically-generated I, in acetate buffer using 
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biamperometric endpoint detection (68). Five repli- 
cates gave a purity of 97.3 + 0.5%. The purities of 
cysteine and penicillamine were determined by titration 
with coulometrically-generated Br, Ine Teh nL using 
biamperometric endpoint detection (75). Five replicates 
Pave aupurity tom cysteine wf 95.0 2) 0.5% and forgpeni- 
cillamine of 99.6 + 0.4%. The purity of homocysteine 
was determined to be 99.0 £ 0.3% for five replicates 

by reaction with iodoacetamide followed by titration 
with NaOH (150). The purity of cystine was determined 
DY tirse ClLectroreducing 10 and then comparing it by 
chromatography with a standard cysteine solution. An 
average value of only 80% was obtained when cystine 
from an opened bottle was tested. When, however, an 
unopened bottle of cystine (nominal purity of 99%) 

WAG USEC, Gapurity Or 101 +4 2% Was Obtained, The 
difference is most likely due to adsorbed water in the 
case of the opened bottle. Oxidized penicillamine 
(Aldrich) was used as received except in the gluta- 
thione-disulfide exchange experiment, where it was re- 
crystallized twice from an approximately 20% aqueous 
ethanol solution to remove residual reduced penicill- 
amine. The product was washed with ethanol and dried in 
a vacuum dessicator, The level of reduced penicillamine 
in the product was 0.03% as compared to about 0.1% 
before recrystallization. The cysteine-penicillamine 


mixed disulfide was prepared by a literature proce- 
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dure (151). The inorganic sulfur compounds sodium 
sulfite (Schawinigan), sodium thiosulfate (BDH), and 
sodium sulfide (J. fT. Baker Chemicals) were used as 


received. Doubly distilled water was used throughout. 


Be Biuent Prevaravion 


The borate-sodium hydroxide buffers and the 
phosphate-citrate buffers were prepared according to 
Perrin (152). In some cases, it was necessary to dilute 
the phosphate-citrate buffers with doubly distilled 
water to give the needed ionic strength for optimum 
chromatographic conditions. The phosphoric acid eluents 
were prepared by dilution of concentrated phosphoric 
acid with doubly distilled water. All eluents were 
deaerated with 0,-free nitrogen (scrubbed with 1 M 
chromium(II) chloride solution) (153) for at least 
15 Min, =vpeLore use, sand they were kept under nitrogen 


during suse. 


C. Apparatus 


i) ‘Chromatography 
The chromatographic setup is shown schematically 
Piet oeure wt. LoeCOonsiaats Ol a 5004mL eluent 2eservoir, 
a Milton Roy minipump (maximum flow rate 3 mL/min.), 
connecting Teflon tubing, a glass column, an electro- 
chemical detector, and a Fisher Recordall Series 5000 


recorder. The eluent was deaerzted with O,-scrubbed 
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nitrogen before use and kept under nitrogen during use. 
A wis Crcel,-0.1 M HCl solution in contact with heavily 
zinc-amalgamated Hg was used as scrubber (153). The ni- 
trogen was presaturated with water before entering the 
eluent reservoir. All Teflon tubing, the short piece 
(1.5-mm i.d.) connecting the eluent reservoir and the 
pump and the ca. 50 feet (0.8-mm i.d.) connecting the 
pump and the column, was kept under nitrogen to prevent 
diffusion of 0. through the Teflon tubing, the effect of 
which will be discussed in Chapter III. This was accom- 
plished by surrounding the Teflon tubing with Tygon tub- 
ing (0.7-cm i.d.) which was constantly flushed with Ny. 


It was found unnecessary to keep under N, the 1 cm of 


( 
Teflon tubing connecting the outlet of the chromatogra- 
phic column to the inlet of the detector. The major por- 
tion: of; ithe 50; feet of tubing, which’ served: to minimize 
pulsations from the pump, was coiled up in a 2-L erlen- 
meyer flask, whereas the switch connecting the pump to 
waste was kept separately in a 300-mL beaker. The 2-L 
erlenmeyer flask was connected to the pump with a short 
‘piece of stainless steel tubing. 

All columns were made of glass with an i.d. of 
0.2 cm. A stainless steel filter disc at the bottom ser- 
ved as a bed support. Column lengths varied between 30 
em and 50 em. The columns were either dry=packed with 


Zipax 20-35 uM strong acid or strong base ion exchanger 


(Du Pont) or slurry-packed with Amberlite 200-400 


«= & 
Ve 


mesh strong acid or strong base ion-exchange resin 
(Mallinckrodt). In cases where the resin at the top of 
the column was quickly contaminated by samples such as 
concentrated urine, a 0.2 x 3-cm precolumn was used. 
This was easily repacked without wasting too much 
packing material. A septum injection port was attached 
to the column, and syringe injection (10 uL) was used 
for all samples. The columns, tubing, connectors, and 
valves were obtained from the Cheminert Division of 
bavporavory Vara Control. Ther ebectrocnemical cetector 
Wille be described an detail aneCnapter Til. 
ie DHlectrolysia Cer) 

The electrolysis cell) used to >reduce the disul- 

fides is based on a mercury pool cathode. It (Figure 2) 


consists of a 1.5 xX 5=-cm tube with an inverted U-shaped 


side arm (1-mm i.d.) attached to the side approximately 


1 ¢cm from the bottom. A He pool) of 0.7-cm: depth is 
used. Electrical contact to the Hg is made via a Pt 
wire sealed into the bottom. The side arm is filled 
with saturated NaCl-2% Agar and dips into a beaker con- 
taining saturated NaCl and a Pt wire counter electrode. 
The saturated NaCl was made slightly alkaline to avoid 
evolution of Cl, With as smaliomecnetie: stirring bar 
OnItoOn O10 the ne) pool, thisycelliais suitable: for “sample 
volumes down to a few hundred microliters. Samples were 
electrolyzed at a constant current of 6.43 mA, provided 


by a Leeds & Northrup constant current coulometer. This 
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Figure 2. 


Mercury pool electrolysis cell. 


see text for details. 
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gave rise to a voltage drop of about 6 V across the 
cell. It was found convenient to reduce simultaneously 
several samples with multiple electrolysis cells con- 
nected in series. Oxygen-free nitrogen usually was 
passed over the solution during electrolysis. 

The salt bridge has been attached to the side 
rather wham havane ja, dip untowthe solution from the 
top of the tube so that magnetic stirring can be used 
with samples volumes down to a few hundred microliters. 
Also, the cell resistance is smaller, permitting the use 
of several cells in series without exceeding the output 
Anite ene scoulometer. Initially, The salt bridge was 
filled with saturated KC1-2% Agar. This, however, gave 
rise VO cecreased retention times for the thiol and 
caused tailing of the peaks., During electrolysis at 
6.43 mA for 10 min., the approximately 4 x 107? moles 
of H’ which are reduced are replaced by cations from 
the: salt@bredece when ithese)iare Ks ions, they are more 
strongly retained on the Zipax SCX cation exchanger 
than are Na’ ions in the buffer. In high concentrations, 
they tend’ to: saturate,ithe: column, theneby reducing »the 
retention time for the thiol. Saturated NaCl-2% Agar in 
the salt bridge eliminated this problem. When electro- 
lyzing small samples, care must be taken,to ensure that 
the samples are sufficiently acidic to avoid quantita- 
tive reduction of the protons. All samples were made 
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iii) Miscellaneous 

All pH measurements were performed with a Fisher 
combination electrode attached to a Beckman Zeromatic 
analog pH meter. The pH meter was standardized with 
Diemer eCer titived- buptrems of. pi 4s 0. 7 Or and 7Ol0.. All 
measurements were done at room temperature. 

A PAR Model 174A Polarographic Analyzer was used 
for the polarographic experiments and as a potentiostat 
to control the potential of the electrochemical detec- 
tor. The detector cell resistances were measured at 
1 kHz with a 1650A Impedance Bridge, General Radio Com- 
pany. All coulometric experiments were done at 6.43 mA 
With athbeeds & Northrup constant current coulometer. 
Centrifuging was done with an IEC HN-S centrifuge with 


a maximum rotation speed of 2800 rpm. 


D. Sample Treatment Prior to Analysis 


The general outline of the various sample treat- 
ments is shown in Figure 3. Common to all treatments is 
the rapid acidification of the sample to precipitate 
protein after the sample has been removed from its bio- 


logical environment. The acidification also stabilizes 


the thiol towards air-oxidation as well as "freezing" any 


disulfide exchange reactions because in both reactions 
the thiol group participates in its deprotonated form. 
The following describes the details of the treatments 


for the different samples. All blood samples were ob- 
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tained from the Rheumatic Disease Unit at the University 
of eee and the fruits were obtained from a commer- 
CVyaledistributor. 

Plasma: Approximately 5 mL of blood was collected in a 
Vacutainer (Fisher Scientific) which contained a 
KZHEDTA solution. tithe KHEDTA is present to complex 
Galciumsand@thusupreventrclottingsofwthe’ Dlood!SEDTA 
was preferred to other anticoagulent reagents such as 
heparin because it also complexes heavy metal ions 
which otherwise catalyze the air-oxidation of the 
thomeis. Aiter collection ofe thesbiood,7the) Vacutainer 
was gently shaken to mix the contents, and then centri- 
fuged immediately at 2500 rpm for 5 min. With a 1-mL 
tuberculin syringe, 0.8 mL of the plasma was withdrawn 
and added to a 10 x 75=<mm test tube containing 0.2 mL 
of 200 to 500 g/L metaphosphoric acid. The smaller 
amount of metaphosphoric acid was used in the cysteine 
assay, whereas the larger amount was used in the peni- 
cillamine assay. The contents were mixed well and, after 
a00nt 1O0qminy,edne tybehwasscentratugedrat 2500prpmifor 
LOIMmiInsyeORremMovenprecipitateds protein. {fhe} super= 
natant liquid was withdrawn with a 1-mL tuberculin 
syringe and forced through a 0.45-um pore diameter fil- 
ter, which was held in a filter holder (Millipore) fit- 
tedetosthessyrinze. Thesfiltrateiwasycollectedsinva 
HORS TG S-mmtesticuperche iquotsroreio pbheofatherfiltrate 


were used to analyze for nonvrotein thiols by HPLC. To 
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determine the total amount or a ‘specific thiol, i.e. 
reduced plus the amount present in symmetrical and non- 
symmetrical disulfide ‘forms, 0.25 mL of “the filtrate 
Was (GT ived AWaetheOees, mivot 0.4 McoHCl. This solution 
was placed in the electrolysis cell (see Section C) and 
electrolyz2eq tora mins tliquo ts tof shor the 
electrolyzed solution were then analyzed for total re- 
duced nonprotein thiol by HPLC. 

Packed Erythrocytes: Whole blood was collected and 
centrifuged in the Vacutainer as described above for 
plasma. After estimating the hematocrit, the plasma was 
withdrawn with a tuberculin syringe. The packed cells 
were then twice washed with their volume of normal sa- 
line solution (0.9% NaCl). After each washing, the 
Vacutainer was "centrifuged vatuz500 rom “for )' min. The 
supernatant was withdrawn and, with 100 uL Drummond 
Microcaps, 0.2 mL of packed cells was transferred to a 
108X V7 5—-mm test tube ‘containing O./ mL of EDTA solution 
UO eZee Na jHjEDTA/L). EDTA is added to complex heavy 
metal ‘lions present in the water and in the red blood 
cells and thus inhibit catalytic air-oxidation during 
hemolysis. The contents were mixed well and, after 

1 min., 0.1 mL of 500 g/L metaphosphoric acid was added 
to the test tube. Again the contents were mixed well. 
KEteY about =| Onin, “the? tube was’ centrituged "at 2500 
rom Lor “= nan. “to sremove* the “protein” precipi tate . “The 


supernatant was forced through a 0.45 um pore diameter 
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filter, and the: filtrate was collected in a 10 x.75-mm 
test tube. The reduced and the total nonprotein thiol 
in the filtrate were determined as described above for 
the plasma filtrate. 

Whole Blood:. Whole blood. was collected,.in a Vacutainer 


(Fisher Scientific) containing a K,HEDTA SOluttToneeend th 
JO0O Vie Drummond Mverocaps, O.1, 10: Of2 mb.ot the fresh 
blood was added to, 0:7. ml,of EDTA solution (0.2.2 

NaH ,EDTA/L) in a 10.x 7/5-mm test tube and the contents 
mixed well. After 1 min., metaphosphoric acid was added 
TO Vesa LOLalsvolume, Of. 1.0 mu.) When, O. | migot whole 
blood was used, for example in the procedure for gluta- 


thione analysis, 0.2 mL of 100 g/L metaphosphoric acid 


was added to the hemolyzed blood. In the case of peni- 


cillamine where 0.2 mL of whole blood was used, O.1 mL 


of 500 g/L metaphosphoric acid was added. The earvente 
were mixed well and treated further as described above 
form packedy erythrocytes. 

Urine: In the determination of penicillamine, 2.25 mb 
of freshly delivered urine was acidified with 0.25 mL 
Ota NeHClS POravthe sascay. ofecysteine,.abpout 30 mb of 
urine was collected directly in a beaker containing 
SM Ole teHeL LOeavold any) time delay between, deli-= 
very and acidification. The volume was determined by 
weighing the beaker with and without the urine. If a 


precipitarce formed, avout 5 mi of the urine was centri- 


fugedctor 5 min. at 2500 rpm. A small. aliquot ‘olf the 
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clear urine was then”driuved@up to 20-fold with 0.2 M 
HOlsrande TWO ai, imjected.<onto, -thexcolumn,, Total thiol was 
determined by electrolyzing for 10 to 15 min. an ali- 
quot of the urine diluted at least 2:25 with 0.2 M HCl. 
The longer electrolysis time was necessary if the di- 
lution was only 2:25. Aliquots of 10 uL of the electro- 
lyzed solution were injected onto the column, 

Fruit Juices: With a i-mL tuberculin syringe, 0.5 mL 
of fruit juice was added to a 10 x 75=-mm test tube con- 
taining 0.5 mL of 2% HzPO,. The contents were mixed 
well and centrifuged for 5 min. at 2500 rpm. The super- 
natant was withdrawn with a i-mL tuberculin syringe and 
forced through a 0.45-uM pore diameter filter which was 
held in a filter holder (Millipore) fitted to the 
syringe. The filtrate was collected in a 10 x 75-mm 
test tube. Juice was obtained from the fruits by making 


a small cut in the skin and squeezing. 
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CHAPTER III 


MERCURY-BASED ELECTROCHEMICAL DETECTORS FOR HIGH PERFOR-= 


MANCE LIQUID CHROMATOGRAPHY 


A. Introduction 


Since the early studies of "chromatopolarography" 
by Kemula and coworkers (154), a variety of electro- 
chemical detectors for liquid chromatography (LC) has 
been described (133-146). According to the measurement 
system, these detectors can be classified as either 
voltammetric, coulometric, potentiometric, or conducto- 
metric. The voltammetric detectors are in most cases 
more accurately referred to as hydrodynamic chrono- 
amperometric detectors or as amperometric detectors 
since the current measurement is carried out at constant 
potential. Included in this category would be the | 
mercury-based detector developed in this thesis re- 
search. The main advantage of the amperometric detectors 
over the more commonly used LC detectors such as the 
differential refractometer and the UV detector is their 
much higher sensitivity to electroactive compounds. 
Additionally, selectivity is possible through the choice 
of electrode potential. The latter characteristic has 
been used recently by Blank to achieve an instrumental 
separation with a dual electrode detector (144). 

The principle of selectivity can be understood 


from Figure 4, which shows schematically two polaro- 
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Fieure (4. Schematic figure of a polarographic reduction 
wave (molecule B) and an oxidation wave 
(molecule A). i. as cathodic current: and in 


is anodic current. 
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grams; for molecule A an anodic wave with a half-wave 
potential of about -0.15 V vs. SCE, such as is obtained 
from a thiol in acidic solution (Equation 4), and 782 
molecule B a cathodic wave. At an applied potential of 
0.0 V vs. SCE, only compound A is electroactive, where- 
as at a potential of -0.7 V vs. SCE, only compound B 
becomes electroactive. If, for example, A and B are not 
separated by the column, an electrochemical detector 
can detect either one of them without interference from 
the other by operation of the detector at the appro- 
priate potential. 

The response of any current measuring detector 
is dependent on the rate of mass transfer to the elec- 
trode surface. According to Levich (155), the limiting 
current i, for convective diffusional mass transfer is_ 


in general given by Equation 5, 


i, = keneFev'e ey, 
where k is a constant dependent on the kinematic vis- 
cosity of the eluent, the diffusion coefficient of the 
electroactive species, and the geometry and area of the 
electrode, n is the number of electrons, F is the Fara- 
day constant, v is the volume flow rate, and C is the 
bulk concentration of the electroactive species. The 
exponent a of the volume flow rate is determined by the 


specific nature of the hydrodynamic conditions and 


eorone e oan occ nO 
cio soit en 3d sie 


. ras ot er. 
= F _ o anit 


ea: eae 8, - ices nig 


0) i 


al ¥ ‘ J es, " Nata: 


‘gad dant oly et peat meow niin ppuia: : 
‘ok eae | wi tate iad emit oe ; 


| ‘ i ‘- ar a4 s wwe i: eA y] i} Wa : by 2 os 


‘gl i i Wd Li} i i , f 7 : : 
‘ ‘ 


es reo 4 yea bee 

6, i‘ ' rie ; ¢ iy pe » ever fi ati 
i ele : Th : 

1 b x * 7 ‘ par i . i ih u 


=" 


c 
Vis 
oF 


59 


generally has a value between 1/3 and 1/2 (156). For an 
electrode with a conversion efficiency of 100%, a is 
unity. A detector based on such an electrode is called 
a coulometric detector since the time integral of the 
measured current is related by Faraday’s law to the 
number of equivalents of an electroactive species which 
have passed the electrode. For amperometric detectors, 
the conversion efficiency is usually less than 104%. 

A variety of electrode Tees Oa: has been used 
(133-146), including carbon, carbon paste, glassy carbon, 
mercury (DME), mercury-plated platinum, and platinum. 
Detectors based on a carbon electrode respond to thiols 
only at the very positive end of their working potential 
range (147), and there are no reports of their use for 
direct detection of biologically active sulfhydryl-con- 
taining molecules. Mercury-based detectors, on the other 
hand, respond to sulfhydryl-containing molecules over a 
wide potential range; the range depending on the solution 
pH. In the development of a mercury-based electrochemical 
detector, neither the DME nor the mercury-plated pla- 
tinum electrode were investigated because of the in- 
herent mechanical limitations of the DME and the expec- 
ted limited lifetime of the mercury-plated platinum due 
to the oxidation of mercury in the electrode process 
(Equation 4). The polarography of thiols is complicated 
by adsorption and is still not completely understood. 


If, however, adsorption occurs on the Hg pool of the 
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detector, it does not limit its use. 


B. Experimental 


The heart of the electrochemical detector de- 
veloped in this thesis is a small mercury pool working 
electrode. Of the several designs studied, that shown 
in Figure 5 was found to be the most satisfactory. The 
body of the detector is machined from a block of tran- 
sparent Plexiglas, and has a channel through which the 
column effluent passes. A channel perpendicular to and 
in contact with the effluent channel contains the Hg 
electrode and a well holds a reference electrode. Elec- 
trical contact between the reference and working elec- 
trodes is accomplished by means of the channel labeled B 
in Figure 5. The diameter of the effluent and Hg chan- 
nels is the same as the internal diameter of the Teflon 
tubing (0.8 mm). As shown in Figure 5, the Hg channel 
is connected to a short piece of Teflon tubing, the 
other end of which may be attached to the side of the 
Plexiglas block and filled with mercury. The filling 
can be accomplished easily with a 2-mL syringe. Suf- 
ficient Hg is added to bring the outer edge of the mer- 
cury column flush with the bottom of the effluent chan- 
nel. Electrical contact between the Hg working electrode 
and the PAR Model 174A Polarographic Analyzer is accom- 
plished via a platinum wire inserted into the mercury 


column in the Teflon tubing. The diameter of the Pt 
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Figure 5. 


Cross-section of mercury pool electrochemical 
detector constructed from a Plexiglas block. 


The A channels have an internal diameter of 


0.8 mm. The B channel has an internal diameter 


of 0.2 mm. See text for other details. 
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wire is of the same order as the internal diameter of 
the Teflon tubing. The calculated volume of the plug of 
efiluentyin «contact with the He pool “is! <.075, 1b. The 
volume of the plug can be varied by changing the depth 
to which the Pt wire is inserted in the Hg column, 
which raises the surface of the Hg pool, or by changing 
the diameter of the bore hole containing the mercury 
column. To simplify the adjustment of the level of the 
Hg pool, the Hg column can be attached to a separate 
Plexiglas block such as that shown in Figure 6. A stain- 
less steel screw with an attached stainless steel rod 
inserted into the end of the Hg column is used to con- 
trol the level of the Hg pool. A Pt wire is glued into 
the Plexiglas block to make electrical contact with the 
bottom end of the Hg column. 

A saturated calomel electrode with a fritted 
glass junction is used as reference electrode. The well 
in which the SCE is placed is filled with saturated KCl. 
A counter electrode (Pt wire) is placed downstream in 
an overflow beaker and serves as a current sink, i.e. 
the measured current flows between the counter elec- 
trode and the working electrode. In a three-electrode 
system consisting of a working electrode, a counter 
electrode, and a reference electrode, essentially no 
current flows through the reference electrode thus eli- 
minating any internal IR drop during current flow. Con- 


sequently, the control of the working electrode poten- 
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tial is more accurate than in a classical two-elec- 
trode system. 

The distance between the reference electrode and 
the Hg pool is approximately 0.5 cm. Because the refe- 
rence and working electrodes are separated by a small 
diameter channel, and because the reference electrode 
is positioned in the current path between the working 
and counter electrodes, there will be an IR drop be- 
tween the tip of the SCE and the working electrode 
which is not compensated for by the potentiostat (157, 
158). The magnitude of the IR drop will depend on the 
distance between the working electrode and the refe- 
rence electrode, the ionic strength of the eluent, and 
the magnitude of the current flowing. As discussed in 
section C, a large resistance between the tip of the 
SCE and the Hg pool (uncompensated cell resistance) Seth 
cause nonlinear calibration curves. With a distance of 
0.5 cm between the fritted glass junction SCE and the 
Hg pool, the cell resistance was less than 100 kf for 
eluents with an ionic strength greater than 0.01. 

A Hg-based detector was also constructed from 
standard, commercially available tee connectors. Such 
a detector is depicted in Figure 7. In the same way as 
described above, the bottom opening of the tee is con- 
nected to a short piece of Teflon tubing which is 
attached to the side of the tee and filled with Hg. 


With @ detector of thie design, the reference and 
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Figure 7. 


Cross-section of a mercury pool 
electrochemical detector constructed 
from a standard chromatography 
connector. See text for details. 
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counter electrodes are both placed downstream in an 
Overflow beaker. Unfortunately, with this simple ar- 
rangement, the uncompensated cell resistance between 
the reference and working electrodes can be large and 
the advantage of a three-electrode system is lost. In 
such a case, equivalent performance can be obtained 
from a classical two-electrode configuration using the 
SCE as a counter electrode. To minimize the uncompen- 
sated cell resistance with this detector design, the 
length of tubing leading from the detector outlet to 
the overflow beaker should be as short as possible. 
For tube lengths of 10 cm or more, a cell resistance as 
large as several megohms was observed. 

Variations on the detector designs in Figures 5 
and 7 also have been studied. For example, a detector 
in which the tee connector is rotated 90° from the sae 
entation shown in Figure 7 was investigated. The bore 
hole at the bottom was filled with Hg and the top bore 
hole was connected to the outlet of the ion-exchange 
column. In this design, the mobile phase impinges di- 
rectly on the electrode surface. A detector in which 
the angle between adjacent bore holes is 120° also was 
studied. The characteristics of these detectors were 
similar to the detector in Figure 7. As dicussed in 
Section C, to eliminate uncompensated cell resistance, 
a detector design based on the wall-jet configuration 


(159) was briefly investigated. 
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The detectors were characterized partly with a 
chromatographic column in the flowing stream and partly 
without a column. A 0.2 x 50-cm column, slurry-packed 
with Amberlite 200-400 mesh strongly acidic cation- 
exchange resin in phosphate-citrate pH 7.0 buffer and 
a 0.2 xX 50-cm column, dry-packed with Zipax SCX 
were used. Samples were injected via a six-position 
rotary valve or through ee with a syringe. Sample 
volumes ranging from 1 uL to 100 uL were used; the 
smaller volumes were injected with a syringe. As de- 
scribed in Chapter II, Section C, all buffers were de- 


aerated and all the Teflon tubing was kept under Nye 


C. Characterization of the Mercury-Based Electro- 


chemical Detectors 


i) Uncompensated Cell Resistance 

The three-electrode system used in the electro- 
chemical detector is controlled by a potentiostat (PAR 
Model 174A) which keeps the applied potential diffe- 
rence between the working electrode and the reference 
electrode constant. This potential difference between 
the working and reference electrodes is composed of an 
interfacial potential difference at the Hg surface- 
electrolyte interface and, depending on the amount of 
current flowing between the working and counter elec- 
trodes and the electrolyte resistance (uncompensated 


cell resistance), a potential gradient through the 
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electrolyte between the working electrode and the tip 
of the reference electrode. Since there is only an ex- 
tremely small current flow through the reference elec- 
trode at any time, there will be virtually no potential 
drop across it. For the electrochemical detector shown 
in Figure 5, the reference electrode is positioned in 
the current path between the working and counter elec- 
trodes. The potential gradient through the electrolyte 
between the reference and working electrodes will thus 
decrease and increase as the current flow decreases and 
increases. As this potential changes, the potential at 
the Hg surface-electrolyte interface also changes, 
since the potentiostat operates to keep the sum of both 
constant. In cases when the detector is used to detect 
compounds having a narrow limiting current plateau or 
is operated at a potential close to the polarographic 
half-wave potential of the compound to achieve selec- 
tivity, highly nonlinear calibration curves can be ob- 
tained. If, for example, compound A in Figure 4 were to 
be determined, a potential of 0.0 V vs. SCE, which is 
in the middle of the limiting current plateau, might be 
chosen. With a large detector cell resistance, the Hg 
surface-electrolyte interface potential would be 
changed toward more negative potentials as the concen- 
tration and thus the measured current of compound A 
increases. At some concentration, the potential on the 


electrode moves off the limiting current plateau, and 
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the response of the detector to concentration changes 
becomes gradually nonlinear. A plot of current vs. 
concentration of compound A would under these condi- 
tions become nonlinear as soon as the detector no lon- 
ger effectively operates on the limiting current pla- 
teau. At low pH, thiols have a narrow limiting current 
plateau such as indicated for compound A in Figure 4. 
It is therefore especially important that the control 
of the Hg electrode potential is accurate for the de- 
termination of thiols. 

The effect of uncompensated cell resistance on 
calibration curves obtained for glutathione using an 
applied potential of 0.0 V vs. SCE is shown in Figure 8. 
These data were obtained from 10-uL injections onto the 
50-cm Zipax SCX column using the pH 2.5 phosphate- 
citrate buffer mobile phase. Data are shown for a con- 
centration range centered around 107~* M GSH since this 
is the range for treated blood samples. With the de- 
tector in the configuration shown in Figure 5, the un- 
compensated cell resistance was 75 kQ2 and the linear 
calibration curve in Figure 8 was obtained. When the 
SCE was placed 10 cm downstream in the overflow beaker, 
the uncompensated cell resistance increased to about 
2 megohms, and the nonlinear calibration curve in Fi- 
gure 8 was obtained. As discussed above, this nonline- 
arity is due to a shift of the effective working elec- 


trode potential in the negative direction when the 
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Figure 8. 


Calibration curves for glutathione obtained 
from 10-uL injections onto a 0.2 x 50-cm 
column of Zipax SCX cation exchanger with 


a pH 2.5 phosphate-citrate mobile phase. 
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current in the circuit increases anodically. This 
causes the cathodic background current to increase 
slightly (Section C, iii) and the anodic GSH current to 
decrease because of its voltammetric behavior at pH 
2.5. Polarographically a half-wave potential of -0.16 V 
vs. SCE is obtained at this pH with no extended limi- 
ting current plateau between the GSH wave (Wave A, 
Figure 4) and the Hg dissolution wave. 

The problems associated with uncompensated cell 
resistance can be minimized by for example increasing 
the ionic strength of the eluent. The ionic strength, 
however, will be determined in part by the requirements 
of the separation step. When low ionic strength eluents 
are needed, a means for post-column electrolyte addi- 
tion might be attached in front of the detector. This 
makes the setup somewhat more involved and, consequently, 
this approach has not been studied. The uncompensated 
cell resistance can also be minimized by placing the 
reference electrode as close as possible to the indi- 
cating electrode. For the applications described in 
Chapters V-VIII, it was satisfactory to position the 
SCE 0.5 cm downstream of the Hg pool. At this distance, 
no back diffusion of chloride from the SCE was encoun- 
tered. To completely eliminate the uncompensated cell 
resistance, a detector design based on the wall-jet 
electrode configuration first described by Yamada and 


Matsuda (159) was briefly investigated. In this design, 
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~ the LC effluent impinges normally on the Hg pool. The 
solution then exits to waste via two diametrically 
Opposed channels, one containing the reference elec- 
trode, the other the Pt counter electrode. Because the 
effluent tended to exit preferentially via one of the 
channels and because bubbles, once trapped over the Hg 
pool, were difficult to remove, the study of this 
approach to eliminating uncompensated cell resistance 
was discontinued. 
ii) Charging-Discharging Current 

The phase boundary between the Hg pool surface 
and the electrolyte can, in its simplest form, be re- 
presented according to Helmholtz as a parallel plate 
capacitor (160). One phase carries a negative charge 
and the other a positive charge forming a Helmholtz 
electrical double layer. The double layer capacity is 
a complex function of electrolyte concentration and 
composition. Since the potential difference across the 
double layer is maintained at a constant value by the 
potentiostat, a change in electrolyte concentration or 
composition causes a change in the charge density on 
the Hg surface. This gives rise to a non-Faradaic cur- 
rent flow which cannot be distinguished by the recor- 
ding system from a Faradaic current. 

Whenever a real sample is analyzed chromatogra- 
phically, it very rarely has a composition identical to 


the eluent. Consequently, in ion-exchange 
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chromatography there will always be an unretained com- 
ponent (the sample matrix) obeiya gives rise to a non- 
Faradaic current flow i.e. a charging-discharging cur- 
rent. These will be pointed out in several chromato- 
grams shown in Chapters V-VIII. 

The charging-discharging phenomenon can also 
cause retained nonelectroactive ions to give an appa- 
rent Faradaic detector response, if these ions are pre- 
sent in high enough concentration. Figure 9 shows how 
the Hg-based electrochemical detector responds to pot- 
assium and sodium ions in 10 uL of 0.1 M KNO, and 0.1 M 
NaNo, injected onto the 0.2 x 50-cm Zipax strong cat- 
ion-exchange column. The eluent used was 0.5% HzPO4. 

In the applications described in Chapters V-VIII, these 
retained artifacts did not present any problems. 

When chromatographically separating several com- 
ponents in a sample, a gradient elution system may be 
needed to overcome the general elution problem (161). In 
such a case, the charging or discharging of the elec- 
trode-solution interface due to eluent change will cause 
a baseline drift until the eluent composition does not 
change any more. The severity of the drift will ob- 
viously depend upon the difference in composition be- 
tween the eluents and the slope of the gradient. An ex- 
ample of a stepwise gradient performed with the chrom- 
atographic system described in Chapter II, Section C, 


is shown in Figure 10. Initially a phosphate-citrate 
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Figure 9. 


Response of the mercury pool electrochemical 
detector to 10-uL injections of solutions 


containing 0.1 M NaNO, and 0.1 M KNO 


3 oh! 
respectively. A O.c xeoO-cm column yor Aipax 
SCX cation exchanger was used with a 0.5% 
HzPO, mobile phase. The peak appearing at 


about, 1sS"min. atlersinjection is#due to 


double layer capacitance effects. 
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Response of the mercury pool electro- 

chemical detector to a stepped gradient 

elution. 

Initial eluent : phosphate-citrate buffer 
OL ipiee a ana, tonite 
strength of 0.04. 

Final eluent - phosphate-citrate buffer. 
Of vDHeo.0 and tonic 
strength of 0.08. 
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buffer of pH 2.5 and ionic strength of 0.04 was pumped 
through the system. The eluent reservoir was then swit- 
ched to a phosphate-citrate buffer of pH 3.0 and ionic 
strength of 0.08. Figure 10 shows the detector response 
for the transition period between the two eluents. As 
can be seen, the baseline drift is about 1.5 nA. This 
is acceptable for practical applications since typical 
peak currents range from 1° to 50.nA. 
iii) Background Current 

The background current of the Hg-based electro- 
chemical detector is a function of pH as well as of 
ionic strength of the mobile phase, but shows no sig- 
nificant flow rate dependence in the range from 0.3 to 
0.9 mL/min. Figure 11 shows how the background current 
changes with applied potential at pH 2.5 and pH 7.1. 
Both electrolytes had an ionic strength of approxi- 
mately 0.35 and gave a total cell resistance of 8 Kk? ; 
most of which is the resistance of the SCE since no 
further decrease in cell resistance was measured at 
higher ionic strength. The most significant difference 
is the smaller potential range at lower pH which is due 
to the evolution of hydrogen at less negative poten- 
tials. At pH 2.5, the operating range is from +0.2 V 
to about -1.0 V vs. SCE, whereas at pH 7.1, the nega- 
tive limit is about -1.3 V vs. SCE. At the positive end 
of the potential range, the background current is anodic 


and increases rapidly as the electrode potential is made 
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Background current of the detector in 
Figure 5 as a function of electrode 


potential. 


e -@ @ Ci vrave bulterpot plac ob)and 
dOnic .Sstrengthn of 0255. 
fe) ° Ouwwpecitrate buitervoL pH 7.1 and 


Lloniceserengtih.or 0.55. 
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more positive, due to Hg oxidation. At any given poten- 
tial, the background current is constant with time (i.e. 
has a low noise level). Consequently, even though the 
peak current may be much less than the background cur- 
rent, 10 Still ‘can beymeasured precisely. In Figure i2, 
the background current vs. applied potential is shown 
for two citrate buffers having ionic strengths of 0.3 
and 0.03. The pH’s were 5.0 and 5.1, respectively. As 
can be seen, the background current decreases by about a 
factor of four with a decrease in ionic strength from 0.3 
to 0.03, which indicates that it is due to electroactive 
impurities as well as traces of residual oxygen. 

Since 0. is electroactive over almost the entire 
working range of the detector, it is essential to keep 
its concentration at a negligible level. This is 
achieved by deaeration of the mobile phase and by 
keeping all the Teflon tubing in a nitrogen atmosphere. 
To indicate the severity of 075 diffusion through the 
Teflon tubing, Figure 13 shows the background current 
vs. applied potential for the pH 7.1 buffer (ionic 
strength 0.35) with and without nitrogen surroun- 
ding the Teflon tubing. It is apparent that with the 
Teflon tubing in an air atmosphere, sufficient 0. dif- 
fuses through to cause intolerable background currents 


at negative potentials as low as -0.2 V vs. SCE. 
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Figure i2. 


Background current of the detector in 
Figure 5 as a function of electrode 


potential. 


@ e @: ~Citrate’ bulier of pH 5.0: and 
ionic strength of 0.3. 
fe) fo) 03) ‘catrate bufterm* otf pi’ 5.1 “and 
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Figure 13. 


Background current of the detector in 
Figure 5 as a function of electrode 
potential for a citrate buffer of pH 7.1 
endutOniecestrenpunirot O02 55). 


fo) Oo o 3) Teflon tubing kept in air 
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D. Detector Response to Electroactive Molecules 


In principle, any compound electroactive within 
the working range of a Hg electrode is detectable with 
the Hg-based detector. However, at high enough concen- 
tration, some compounds may foul up the surface of the 
stationary Hg pool to such an extent that practical use 
is very limited. Species included in this category 
might be heavy metal ions which form amalgams after re- 
duction, and sulfide which might cover the Hg surface 
with insoluble Hg(II) sulfide. To evaluate the general 
usefulness of the detectors, the response to silver 
ions and sulfide ions was briefly investigated by in- 
jection of approximately 100 uL of standard solutions 
with a six-position rotary valve injector. The detector 
was operated at 0.0 V vs. SCE and no column was used. 
Silver standards were prepared in 0.1 M Naclo, which 
was also used as eluent. The standards gave linear re- 
sponse below a silver ion concentration of about 1074 M. 
No electrode contamination was observed within the 
time period of the calibration which indicates that the 
detector does have some application to the detection of 
electroactive metal ions in eluent streams. 

The calibration curve obtained for sulfide, which 
is of more interest, at least from an environmental point 
of view, is shown in Figure 14. The solvent used was a 
borate-NaOH buffer of pH 9.6 which was also used for the 


preparation of the sulfide standards. A fresh Hg pool was 
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Figure 14. 


Calibration curve for sulfide obtained 
from 100-uL injections without using a 
column. A pH 9.6 borate-NaOH buffer was 
used as solvent, and the detector in Figure 
7 was operated at 0.0 V vs. SCE. 

Current I is anodic peak current in nA. 


Concentrations are in units of moles/L. 
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used, and the standards were injected in order of in- 
creasing concentration. As can be seen from Figure 14, 
the detector is very sensitive to sulfide with a limit 
of detection in this experiment of about 107! mw sul- 
fide. The calibration curve makes a break at about 


prep & 4078 


M sulfide which is probably due to Hg surface 
effects. At higher concentrations of sulfide, the sur- 
face of the mercury slowly became covered with a black 
film of Hg(II) sulfide. These results indicate that a 
semi-continuous detection system for low levels of sul- 
fide in aqueous solutions should be possible. A short 
anion-exchange column may be needed in front of the de- 
tector to sufficiently retain sulfide to avoid inter- 
ference from charging-discharging currents, and an auto- 
mated six-position rotary valve could inject samples at 
regular intervals. 

The second category of compounds to which the 
detector will respond includes all molecules which form 
a Hg complex with a sufficiently high formation con- 
stant to depolarize the Hg electrode within its working 
range without fouling up its surface, for example thiols, 
and any electroactive species for which the Hg behaves 
as an inert electrode. To illustrate the response of 
the detector to biologically active sulfhydryl-contai- 
ning molecules which have been of primary interest in 
this research, its response to GSH will be described. 


Based on polarographic results for GSH (as 


i 
i 
- Ny Dae 
; ; yore Lees ol, 
} ‘ + a} of en ae 
as) rh he 
ie wy Ce ee hs 
i ; 4 y f i “4 > 
: 7 } 
are) y d h 
1) 4 
yt j aan ; ten ae fi 
\ 1 i j cata q } ba he y ail i e Ae Be Oe ” ‘ 
i ye iy 7 ) Peabo Tite he oe th ead 
Ro a ere tl he A a 
; i ; : : Dra a, ; i : We oy , 
y “ol 
j ay - * 
ie Pam i et erie ih) ‘ar he ery ae i ah 
% S en oi 
f ry i 1 ae lt aan a i ae re i jet f 
i Dae ; ce oe a 
, nA a . ¥ o ; 
t may h et { ~ «i i hy Ps ; 
oY \ Bats | Fo 
rs i : ; bee hina _ { 
o. ‘ <a rn , Le Veet es hy i |) my Hy Pa os ae 
nda £ «Ole leo. ae 4 here mk A a 
Ties : ' Pv ie! Py fie 
0 * > fy i t Mh er ay eae a i 
i * sh ie , by a a i : ul we ahs 
we ; a o) caren OD LO GRA MANE on aah fas UAB, oe. 
te ; car wi Jani ’ te 
. } fi r Ay) 
» ‘EY, ‘ \ a) jf ibe Af : a Ay, rey £ 2% 
r q fe Lee A , i 
re iad Late ; met aoe vis S 
{ aren Sri Pid ; 
mip Pee : Se be ee rane aad fhe i Rm : se y 
- he hind av eS ee } ee te hl lg A , , yay 
, y f iu r ah Pa De: 
eit : ¥ * ‘ , if , , ae Se i, me u pw 
Ma rave — Sty act BY shee al } rT j r f ip y [ Ae ‘yet ad we all te ” 
fi ’ < an Fi 
i) 7 sw Ls ay tf sae an " 
. « vs 
sd ts 
He 7 ia a  Adaay 
hor ae ES ae, a ee Ce 
= ! , *] Top I . , : : 7 
7 ‘ i ne fy , etc Ty a eh es be i we « - 
etal bey Pig? od eheauerread Lar: ute yy aes As mi I 2 fargo ei 
ta \ ty a Yi wh : ( 7 
nei Ms 
; f Pe a! -. 
aa i i é if Py W ‘ 4a " i 
s : ¢ : yt 1 
r r 
+ : 7 iy 
i ra ATR hi 4 Ps fbf 
. d 5" : ie ax 
F ; - a 
A _ yD Tih cite ie 
Kiow held hw pbb Peat 
- ; 7 Mn ' ri 4 Ww ss qi, 
i. h ; it. 
Pan te hd ; tate | ‘oe sTeNe aod 
fe , - 
' r ; 
¥ : is - 4 hy 
i al aie , oa) oo . 
eS ee Ew wet an te Lun a0) 6 
: A ; a aay 
“ - oe fe eld 4 Ae > Tick y ; { 
ape oleae ey 7 ny oy ‘ 4 ms if ‘f 
We "a ee K 
ead Nanogees ort) uf 
] ] (a af) a 
, i MG 7 va) ila , , 


yh ated oom 8 aint ~ i | 
LM ‘ } ( rar Ne thir Ay: ; inns * ow 
ae toonnd ae, Nya | 


Le ares, 


t2 


summarized by wave A in Figure 4), an electrode poten- 
tial of 0.0 V vs. SCE is used for GSH detection. The 
polarography of GSH is complicated by adsorption and is 
still not completely understood. It is accepted, how- 
ever, that the anodic current at 0.0 V vs. SCE is due 
to oxidation of the Hg to form HgSG and not to oxi- 
dation of the sulfhydryl group itself (78,79,162,163). If 
adsorption occurs on the Hg pool of the detector, it 
does not limit its use. Excellent reproducibility is 
obtained from successive injections of a given GSH con- 
centration and, when the concentration is increased or 
decreased, the first peak from replicate injections is 
identical to others in the set. For example, the ave- 
rage peak current from four 8-uL injections of 107? M 
GSH in pH 7.0 buffer onto the 50-cm Amberlite cation- 
exchange column with a pH 7.0 mobile phase was 123.0 nA 
with a standard deviation of 0.9 nA. 

The reproducibility can be affected by the sam- 
ple medium if it is different from the mobile phase. 
For example, the procedure described by Ladenson and 
Purdy (52) has been used to prepare whole blood for 
analysis. The sample medium contains 50 g/L metaphos- 
phoric acid which, when eluted from the column, gives 
rise to a large, unretained peak due to’ double Layer 
capacitance effects. The GSH peak can be adequately re- 
solved from this peak and from peaks due to other sulf- 


hydryl compounds which might be present by using the 
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Zipax SCX column with a pH 2.5 mobile phase of low 
ionic strength (about 8 x 107°). However, with this 
sample medium, the reproducibility is poor, presumably 
due to irreproducible changes of the Hg surface. By 
application of a cleaning pulse of +0.6 V vs. SCE for 

5 s between each injection, the reproducibility is im- 
proved. For example, the average peak current from fif- 
teen 10-uL injections of 107* M GSH was 21.2 nA with a 
standard deviation of 0.17 nA. Using a lower concen- 
tration of metaphosphoric acid (20 g/L) made the use of 
a cleaning pulse unnecessary. Also, when mobile phases 
of higher ionic strength are permitted for the chroma- 
tographic separation, as for example for penicillamine 
and cysteine, no cleaning pulse is needed between 
sample injections. 

To give some indication of the sensitivity of 
the Hg pool detector to organic sulfhydryl compounds 
when used with the PAR 174A Polarographic Analyzer, 

a Vs Odeo <x ser 
was injected onto the 50-cm Amberlite cation-exchange 
column. A peak current of 0.2 nA was obtained with a 
signal-to-noise ratio of 14:1, where S/N = average sig- 
nal amplitude/RMS noise with RMS noise = average peak- 
to-peak noise/2.5. Calculations indicate approximately 
0.5% of the GSH is consumed in the electrode reaction 
adeicved Lows a tey.0 fei0..5) m/min. 


At an electrode potential of 0.0 V vs. SCE, the 


M GSH, which corresponds to 3 ng of GSH, 
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Hg pool detector is highly selective towards the sulf- 
hydryl-containing amino acids in an amino acid mixture. 
Injection of 1 x 107° M solutions of the amino acids 
glycine, lysine, aspartic acid, glutamic acid, and his- 
tidine, caused no detector response at a 20-nA full 
scale sensitivity. As a result of this high selecti- 
vity, it is only necessary that the ion-exchange column 
separate the sulfhydryl compounds from each other and 
not necessarily from the other amino acids and peptides 
in the sample. 

The response of the detector to disulfides ata 
potential of -1.2 V vs. SCE was briefly investigated. 
As pointed out in Chapter VI, the detection limit tur- 
ned out to be too high to be applicable to biological 
samples. 

The detector also responds to inorganic sulfur- 
containing molecules such as sulfite and thiosulfate, 
as illustrated by the calibration curve for thiosulfate 
in Figure 15. Sulfite showed a very similar calibration 
curve. Aliquots of 10 uL were injected onto a 0.2 x 50- 
- em column of 200-400 mesh Amberlite strongly acidic 
cation-exchange resin. The detector was operated at 
+ 0.1 V vs. SCE. Figure 15 shows that the detector is 
extremely sensitive towards these ions. 

To see how the detector behaved towards electro- 
active metal ion species which are reduced to soluble 


species of a lower oxidation state, a calibration curve 
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Figure 15. 


Calibration curve for thiosulfate using a 
pH 8.1 phosphate-citrate mobile phase. 
Aliquots of 10 ue were injected onto a 

O.2 x 50-cm column of 200-400 mesh Amber- 
lite strongly acidic cation-exchange resin. 
The electrochemical detector was operated 
awe +051 V vs. SCE. Current 1 is anodic 
peak current in nA. Concentrations are in 


units of moles/L. 
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for ferricyanide was obtained. The supporting electro- 


lyte was 0.1 M KNO.. About 100 uL of standard was in- 


3 
jected with the six-position rotary valve without using 
a column. The detector which was operated at 0.0 V vs. 
SCE gave a linear response below 107? M ferricyanide. 
No significant flow rate dependence of sample peak 
current was observed in the range from 0.3 to 0.9 
mL/min. Other metal ions or metal complexes which are 


not reduced to the metallic state, would be expected to 


show similar behavior. 
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CHAPTER IV 


ION-EXCHANGE CHROMATOGRAPHY 


A. General Principles 

Small molecules which are present in solution as 
ions, are normally most conveniently separated by ion- 
exchange chromatography (164). The separation is based 
on a reversible stoichiometric exchange of ions between 
a stationary ion-exchange phase and an external liquid 
mobile phase. The cation-exchange process is represen- 
ted by Equation 6 


Crean a + Br ——* I he yogn (6) 


Oe ink alia aq 
and the anion-exchange process by Equation 7 


(Rome) s + ae ——* (Reve )e + Xaq (7) 
where eee Bos X”~, and Y are counter-ions and Rt is the 
fixed charge within the exchanger. The subscripts r and 
'aq refer to the exchanger phase and the external so- 
lution phase (usually aqueous), respectively. A sepa- 
ration is obtained because of the different affinities 
of the solute ions for the ion-exchange phase. 

Compounds such as amino acids which, depending 
on the solution pH, may have a positive or negative 


overall charge, can in principle be separated by 
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cation- or anion-exchange chromatography. The choice 
depends primarily on the distribution of the fractio- 
nally ionized forms of the amino acids to be separated. 
In this thesis, major interest has been focused on the 
separation of glutathione, penicillamine, and cysteine. 
The macroscopic ionization schemes for glutathione and 
penicillamine or cysteine are shown in Figures 16 and 
17, respectively. For the fully protonated form of 
glutathione, four macroscopic acidity constants are ob- 


tained, i.e. pK, = 2.12, pK, = Deira Oli) tare yee ee hatel 


gy: 
NG) 9.62 (165). The macroscopic deprotonation con- 
stants for penicillamine (166) and cysteine (167) are 
presented in Table 1. Using these constants, the distri- 
bution of the fractionally ionized forms of these mole- 
cules was calculated according to Laitinen and Harris 
(168) (Figures 18-20). From a comparison of the distri- 
bution of the anionic forms of cysteine and penicill- 
amine as a function of pH, it is apparent that a separa- 
tion of these two amino acids on an anion-exchange co- 
lumn might be expected to be very difficult without ri- 
' gorous pH control. The more pronounced difference in 
species distribution at low pH would seem to favor a 
separation by cation-exchange chromatography with peni- 
cillamine being the more strongly retained. 

The concentration equilibrium constant Ke DOr 


cation-exchange process (Reaction 6) is given by: 
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TABLE 1 


Macroscopic Acid Dissociation Constants of Peni- 
cillamine and Cysteine 


Penicillamine Cysteine 
pK, 2244 Tlel 
pK, (Sere oP) 
pK 10.46 10.78 
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Figure 18. 


pH dependence of the distribution of the 


fractionally ionized forms of glutathione. 
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Figure 19. 


pH dependence of the distribution of the 
fractionally ionized forms of penicill- 


amine. 
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Figure 20. 


pH dependence of the distribution of the 


fractionally ionized forms of cysteine. 
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fRept}ea[at) 2 | 
KA as Fr), (8) 


If the resin is nearly completely in the rel form, and if 
+ + 
[at]. >] 


the distribution coefficient K, (Equation 9) becomes 


aq? trace exchange conditions prevail and 


essentially constant, independent of el (169). 


R7Bt Rea 
Kaa = vrs aan ibe = const. (9) 


EP eae aller 


As soon as Ee approaches the concentration of At in 
the aqueous phase, K, will decrease with increasing 
em ee Consequently, trace exchange conditions, which 
are necessary for linear elution chromatography, require 
low sample loading compared to the exchange cater of 
the ion exchanger and moderately high ionic strength in 
the mobile phase. 

The=capacity tactor (170), 


jr = ~~" -4 = — 4 (10) 
O n [B bets 


of a sample component expresses the affinity of the 
resin for that component. In Equation 10, tr is the re- 


tention time for a sample component, va the retention 


time for an unretained component, and n® the total 
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number of moles in the stationary phase of the sample 
component in equilibrium with the total number of moles 
n” of the component in the mobile phase. Me. and ve are 
the volumes of the stationary and mobile phases, re- 
spectively. In the experiments described in Chapters 
V-VIII, the retention time for the unretained component 
was determined from the charging-discharging peak. For 


cation-exchange chromatography, the capacity factor of 


a weak acid (HA) with a dissociation constant 


K St 115) 


may be influenced markedly by changes in pH. By combi- 
ning Equations 9, 10, and 11, it can easily be shown 
that, at constant ionic strength, a decrease in pH will 
increase k' due to the increase in the concentration of 


the protonated form of the sample component (171). It 


can also be shown that, at constant pH, k theoretically 


is proportional to the reciprocal of the counter-ion 

' concentration in the eluent (171). The value of k' can 

also be adjusted by the type of counter-ion used in the 
mobile phase, i.e. mobile phases containing La, ene or 
Na* would represent weak eluents, whereas mobile phases 
containing divalent metal ions would be strong eluents 


(172). 
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In most processes which involve columns with 
conventional ion-exchange resins such as the Amberlite 
resins, the rate determining step is solute diffusion 
inside the resin particle (173-175). In modern HPLC, 
this problem of long diffusion paths has been minimized 
by the introduction of ion-exchange resins confined to 
a thin layer on a suitable solid core. The pellicular 
ion exchangers or controlled surface porosity ion 
exchangers (173-175) such as Corasil (Waters), Vydac 
(Separations Group), and Zipax (Du Pont) comprise one 
group of these nonconventional ion exchangers. With 
these stationary phases, the speed with which a sepa- 
ration can be performed is increased, and the band 
spreading due to resistance to mass transfer in the 
stationary phase is decreased. Because of the presence 
of a solid core which may give rise to adsorption- 
desorption phenomena, their behavior is rarely exactly 
predictable from conventional ion-exchange chromato- 
graphy. The exchange capacity of the pellicular ion 
exchangers is low (typically 1-10 microequivalents/g), 


and thus a sensitive detector is required. 


B. Results 


In this section, the results of an investigation 
of the chromatographic behavior of glutathione, peni- 
cillamine, cysteine, and several other thiols on cat- 


ion exchangers are presented. Their separation on Amber- 
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lite strong anion-exchange resin and on Zipax SAX strong 
anion exchanger was also investigated, but only briefly 
because the species distribution diagrams in Figures 18- 
20 indicate that the separation should be considerably 
easier on cation-exchange resins. Also, oxidation of 
the thiols is expected to be less of a problem at the 
low pH of the eluents needed for separation by cation- 
exchange as indicated by the results in Figures 18-20. 
For the initial separation studies with cation 
exchangers, Amberlite 200-400 mesh strong cation-ex= 
change resin was used. For reasons discussed in Section 
A, the resin was soon replaced with Zipax SCX strong 
cation exchanger. To obtain a general indication of its 
retention characteristics, several biologically active 
sulfhydryl-containing molecules were studied under dif- 
ferent conditions on a 0.2 x 30-cm Zipax SCX aie. 
The mobile phases were all phosphate-citrate buffers. 
Net retention times vs. mobile phase pH for glutathione, 
cysteine, penicillamine, ergothioneine (XIII), homocys- 


teine, cysteamine (XIV), and N-acetyl-cysteine (XV) 
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H,N-CH,-CH,-SH 


(XIV) 


‘ic anes 
SH 


(XV) 


are presented in Figure 21. The analytical procedures 
described in Chapters V-VIII are based on these re- 
sults. Since the ionic strength of the mobile phase de- 
creased from 0.2 to about 0.02 when changing the pH 
from 4.1 to pH 2.2, the increase in retention time is 
a result of a decrease in pH as well as in ionic 
strength. As can be seen, N-acetyl-cysteine, which is 
not protonated to form a cationic species, is unre- 
tained under all tested conditions, and an anion- 
exchange resin would probably be a better choice for 
this molecule. To illustrate the ease with which some 
of the studied thiols can be separated under isocratic 
conditions on the 0.2 xX 50-cm Zipax SCX column, Figure 
22 shows a chromatogram of a mixture of N-acetyl- 


cysteine, glutathione, cysteine, and homocysteine. The 
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Figure 21. 


Net retention times vs. mobile phase pH 
for several biologically active sulfhy- 


dryl-containing molecules. 
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Figure 22. 


96 


Response of the mercury pool electrode 
detector to a 10-uL injection of a solution 


5 


containing 1 x 10 ~ M N-acetyl-cysteine, 

4 x 107° M glutathione, 4 x 107° M cys- 
teine, and 1x 1077 M homocysteine. A 

0.2 x'50-cm column of Zipax SCX cation 
exchanger was used with a pH 2.5 phosphate- 
citrate mobile phase. The flow rate was 

0.5 mL/min. Order of elution: N-acetyl- 


cysteine, glutathione, cysteine, and homo- 


cysteine. 


je Ye Bie 
‘be Ms Ohi ” ne 
| 7 ’ i 7 a he : 
i f 7 ia " 
ae f 
I i Vay, : 
ye ay ee a! 
t} as 
: re 1 oy 
=! ) aay x 
“ah 
i : ’ ; 
! i 
i q Y Oe 
4 es 
hi : 
‘is 
-_ a 
. 


aGituloa A ‘be canton’ oe . ‘ned, ¥ oo ia 


>, 
wahere va Sten “it fi ty of - A: welder. “4 


‘ie ab” Xai) | 
| may M “or x t psapndrahatg. Wi * * ae 4) ee 


f we i ecgcetargiewt, “ a "al a t Dita aie it 


‘gares 498 agi By cia 0 wane 5 ae o> ee 


| OP ee ee 
i me | ty oe 
| “ot ates uh ‘> a a cae Sats ee) teraraomet, iS ated e oa 
| | : ’ i ef ry a i 
asi OF aa one al Ane ahison erent ie aaah vee 


: 4 
; sire : 
i rama tpt bike tq radia) subayie a0 au 7 a, 
oT. oT ome: na pomtetegh peantitanety, scat Aas 


2 


2 min. 


af 


Vie at 


hu ' a aK Pe 
| = i i J uy . : ay ih oallirs ie a _ a \ Stor 7 : ‘ 
| i : ni / on 7 Z ) ris v 7. * c ‘ 7 op a ta) i f « 
é : - f ‘yi ' 7 an ay / A i 7 
Ot ig buen ae ee 
j : yu :. ? ; ‘ee * , 


| en) es ee ee a teat tia’ pe ee a 


i i *; v ye ao i 5 : } ¢ 7 
Wh i i nee i i 4 r i : vie) : a : | 4 
i “ . Yat A 1) tei " a - 1 Hi By be 
} ; ' ’ i 7 A 7 i - . | i] : a 


f ‘ int ca : 7 | | 4 i z i 
i 
By he A ee Riatty: } 2 x lee i a a i adn 


i i 
* i - 
' & : 
4 a ra ae bella ee De eee ae ea 
; : 7 i ‘labia Mi 
. nee ar } 7, ee 
<) ‘a i ' yer i 


98 


mobile phase was a pH 2.5 phosphate-citrate buffer with 
an ionic strength of 0.01. N-acetyl-cysteine appeared 
unretained, but no injection artifacts were observed in 
the chromatogram since the mixture was prepared in mo- 
bile phase. 

As can be seen from Figure 21, glutathione is 
rather weakly retained on the Zipax SCX resin beads. A 
mobile phase of pH 2.5 gives a k' of about 1.4 at the low 
ionic strength of about 8 x 107°. Since the blood ma- 
trix in which glutathione is to be determined gives rise 
to an unretained charging-discharging peak with the 
electrochemical detector, a k' value of this order is 
needed to avoid any interference from the unretained 
peak. It would, however, be desirable to increase the 
ionic strength of the mobile phase from the point of 
view of small uncompensated detector cell resistance 
and maintenance of trace exchange conditions. A de- 
crease in pH below 2 did not change k' significantly. 
This is mainly due to the counteracting effects of an 
increase in ionic strength (proton ion concentration) 
and an increase in the concentration of the fully pro- 
tonated form of glutathione (HyL"). The effect of 
changing the mobile phase counter-ion from Nat to H* 
which should make the eluent weaker, is also counter- 
acted by the increased ionic strength. The possibility 


of changing the mobile phase cation from Nat to Lit 
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for which the resin should have the lowest selectivity 
(172), was therefore investigated. Several buffers 
made up of Li0OHW and citric acid or phosphoric acid 
were tested. The observed k' values increased only 
slightly as compared to the values obtained with the 
eluents containing Na’. In addition, non-Faradaic de- 
tector response to retained Na’ ions in the sample 
became a problem as the Na* ions happened to have 
approximately the same retention time as glutathione. 
The number of theoretical plates N (176) calcu- 


lated from 


t 
N = 165) ee 


was about 300 for the 0.2 x 50-cm Zipax SCX column, 
which corresponds to a height equivalent of a theo- 
retical plate (HETP) of 0.17 cm. In Equation 12, t,, 
is the retention time of a sample component and Wy 
is the base width in units of time of the peak ob- 


tained for that component. 
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CHAPTER V 


DETERMINATION OF GLUTATHIONE IN WHOLE BLOOD 


AS -*introduct1on 


A variety of assay methods has been reported 
for glutathione in erythrocytes. Apart from the enzy- 
matic assays (110-116) which tend to be somewhat te- 
dious and involved, all methods for the determination 
of glutathione either lack selectivity or sensitivity. 
The success of many of them for the determination of 
glutathione in whole blood is solely due to the high 
concentration of glutathione as well as its large ex- 
cess over other nonprotein thiols. 

In this chapter, a highly selective and sensi- 
tive method for the determination of glutathione in 
whole Hieodeis described. The method is based on a se- 
paration of glutathione from other nonprotein thiols by 
high performance cation-exchange chromatography fol- 
lowed by detection with a mercury-based electrochemical 
detector (LCEC). Results for several normal blood sam- 
ples are presented and compared to the results obtained 


with the DTNB method. 


B. Chromatographic Conditions 


A pH 2.5 phosphate-citrate buffer with an ionic 
strength of about 8 x 107? was used as eluent. For the 


separation step, the 0.2 x 50-cm Zipax SCX column was 
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used, and the flow rate was 0.5 mL/min. The electro- 
chemical detector was operated at 0.0 V vs. SCE. With 
these conditions, a capacity factor of 1.4 was obtained 


for glutathione. 


C. Results 


To find suitable conditions for the storage of 
standard glutathione (GSH) solutions, the stability of 
several GSH solutions was studied. The concentration of 
GSH was made 1.00 x 107° M and, in one experiment, the 
solvent was doubly distilled water (solution pH 3.5), 
whereas in a second experiment, the water contained 
1 g/L Na 


H EDTA: 2H,0 (solution pH 3.8). All solutions 


Pe 
were kept in 10-mL volumetric flasks and stored at room 
temperature or in a refrigerator at 4° G. The stability 
of the GSH in the two solutions stored at room tempera- 
ture and in the EDTA-containing solution stored at 4° C 
is shown as a function of time in Figure 23. The cone 
centrations in Figure 23 were obtained by comparing the 
peak height obtained chromatographically to that ob- 
tained for a freshly prepared GSH solution. The GSH 
concentration in the solution containing no EDTA which 
was stored at 4° C, decreased by 2-3% after two weeks. 
Apparently, the added EDTA complexes trace heavy metal 
ions which otherwise catalyze the air-oxidation of GSH. 


The procedure used for the preparation of the 


whole blood filtrates was a slightly modified version 
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Figure 23. 


Time course for the stability of 


1.00 x 107° M GSH 


(A) 


(B) 


(C) 


in distilled water containing 1 g/L 


Na,HEDTA:2H,0 when stored at ACG 


2 
in distilled water containing 1 g/L 
Na, Ho EDTA: 2H,0 when stored at room 
temperature 


in distilled water when stored at 


room temperature. 
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of that described by Ladenson and Purdy (52). After the 
protein precipitation step, most of the samples were 
filtered through a medium fast 4.25-cm filter rather 
than centrifuged. Both methods gave identical results 
when compared, and since the filtration step is a few 
minutes faster than centrifugation, a significant 
amount of time might be saved when performing routine 
GSH analyses. 

An EDTA solution of 100 mg/L was used by Laden= 
son and Purdy for the hemolysis step. When using this 
solution, however, some of the samples tested showed a 
slow decrease in GSH concentration after having been 
filtered. Increasing the concentration of EDTA to 1 g/L 
stabilized the filtrates, probably because of a more 
complete complexation of heavy metal ions present in 
the sample. 

For the protein precipitation step, a metaphos- 
phoric acid concentration of 100 g/L was used rather 
than the 250 g/L used by Ladenson and Purdy. This did 
not affect the stability of the treated samples, and 
the double layer capacitance effect of the electro- 
chemical detector for the unretained component became 
less serious. It also eliminated the need for a "clea- 
ning pulse" as discussed in Chapter III, Section D. 

A typical chromatogram of GSH in a whole blood 
filtrate is shown in Figure 24. As can be seen, the 


elution of GSH takes about 5 min. Ergothioneine, which 
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Figure 24, Representative chromatogram of a treated 
whole blood sample. Injected volume was 10 uL 


containing 290 ng GSH. 
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has been reported to interfere in all methods except 
the enzymatic ones, gave a capacity factor of 4.6 and 
thus did not interfere. However, no ergothioneine peak 
was observed in any of the tested blood samples. A 
calibration curve was used to quantify glutathione, 
with standard GSH solutions injected between every 
five samples. As shown in Figure 8, the calibration 
curve is linear up to about 5 x 107°* M GSH at which 
concentration the curve becomes slightly concave due 
to the effects of uncompensated detector cell re- 
sistance. Standard GSH solutions were prepared in 
20 g/L metaphosphoric acid. Since cysteine is eluted 
shortly after GSH, the possibility of improving the 
reproducibility of the results from replicate injec- 
tions using this amino acid as internal standard 
was briefly investigated. The reproducibility turned 
out to be slightly worse than without the internal 
standard, and since the elution time per sample in- 
creased considerably, the approach was discontinued. 
The concentrations determined by the LCEC method 
for the GSH in fresh whole blood samples obtained from 
five normal adults are shown in Table 2, together with 
the results obtained on the same samples by the DTNB 
method (90). Also included are the red blood cell (RBC) 
concentration of the blood samples, from which the 
quantity of GSH per million erythrocytes was calculated. 


The concentrations of GSH are averages with their 
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standard deviations for five replicates. Recovery ex- 
periments of GSH were performed by addition of a known 
amount of GSH to the EDTA solution used for hemolyzing 
the samples. For the LCEC method, a recovery of 

102 + 4% was obtained, and for the DTNB method, the re- 


covery was 98 i 4%. 


D. Discussion 


The normal range for GSH concentrations in blood 
is 0.9 x 107° = 1.7 x 107” moles/L of whole blood, all 
of which is in the erythrocytes (110). Since there is 
a considerable variation in the RBC count from indivi- 
dual to individual, the GSH level in blood should pre- 
ferably be expressed in units of, for example, moles per 
million erythrocytes. This gives, as shown in Table 2, 
a much narrower range for the actual intracellular 
levels of GSH. It should be noted that the erythrocyte 
level of that sample (sample 3 in Table 2) falling out- 
side the normal range is considerably lower than those 
of the other samples and that the actual intracellular 
GSH level is very high. 

From Table 2, it is apparent that the chromato- 
graphic procedure gives consistently slightly lower 
results than the DTNB method which is probably due to 
the much higher discrimination of the former against 
potential interferences such as cysteine and ergothio- 


neine. Table 2 also shows that the standard deviations 
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obtained with the chromatographic method are approxi- 
mately the same as those obtained with the DTNB method. 
The major disadvantage of the DINB method is the large 
number of reagents needed in the sample treatment which 
consequently demands more time and care per sample. 

The LCEC method for the determination of GSH in 
whole blood has several advantages over the multitude 
of analytical techniques described for GSH. It is fast 
and sensitive, and shows a high degree of discrimina- 
tion against other sulfhydryl-containing molecules. 

The speed and sensitivity are due largely to the char- 
acteristics of the Hg-based electrochemical detector. 
In this determination, the detector was operated at 

0.0 V vs. SCE, and signals are obtained only as those 
compounds which are electroactive at this potential are 
eluted through the detector. Since the thiols are the 
only components of whole blood which are electroactive 
at this potential, this reduces considerably the re- 
quirements and the time of the chromatographic step. 
For example, in a recently described anion-exchange 

' procedure for GSH with ninhydrin detection (125), 
approximately 60 min. were needed for elution as com- 
pared to about 5 min. with the LCEC necncdn Because of 
the high selectivity of the LCEC method for sulfhydryl- 
containing molecules, other biologically active thiols 
such as cysteinylglycine and glutamylcysteine can also 


be assayed by appropriate choice of chromatographic 
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conditions. This should make the LCEC method attractive 


in studies of biosynthesis and metabolism of GSH. 


on 


Ai, ‘yy os , j 
eke 


pe ih aes 
od ey 
eas eile: oP 


j M 
wor 
q a 7 


oie , 


CHAPTER VI 


DETERMINATION OF PENICILLAMINE IN BLOOD AND URINE 


A. Introduction 


In spite of the wide use of penicillamine in 
medicine, very little is known about its pharmacology. 
The known metabolites of penicillamine in man are peni- 
cillamine disulfide (PSSP), the penicillamine-cysteine 
mixed disulfide (PSSC), and S-methylpenicillamine (177, 
178). In a recent study of the metabolism of penicill- 
amine, these metabolites could account for only some 
50% of the penicillamine administered for the treatment 
of cystinuria (178). 

In this chapter, a cation-exchange procedure 
with electrochemical detection is described for the de- 
termination of reduced penicillamine (PSH) and the 
total penicillamine (reduced plus oxidized disulfide 
metabolites) in the nonprotein fraction of plasma, 
erythrocytes, whole blood, and urine. The total peni- 
Cillamine is determined after electroreduction ata 
mercury pool electrode. Results for blood and urine 
from rheumatoid arthritis patients on penicillamine 
therapy are presented and discussed. Only the D-isomer 


of penicillamine was used in this work. 
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Bs Chromatographic Conditions 


A phosphate-citrate buffer of pH 3.0 and ionic 
strength of 0.04 was chosen as eluent. The 0.2 x 30-cm 
Zipax SCX strong cation-exchange column was used for 
the separation step. For some separations, a 0.2 x 3-cm 
precolumn also packed with Zipax SCX was added. It was 
added primarily for the urine samples which, after re- 
peated injections, tended to contaminate the exchanger 
which first came into contact with the sample. A flow 
rate of 0.7 mL/min. was used, and the electrochemical 
detector was operated at +0.1 V vs. SCE. 

Without the precolumn, a capacity factor of 
about 2.2, depending slightly on the packing procedure, 
was obtained for penicillamine with the above condi- 
tions. Both cysteine and glutathione gave k' values of 
less than 0.5 and appeared as part of the unretained 


charging-discharging peak. 


C... “Results 


Stability_of Penicillamine Solutions: Since 
thiols are readily oxidized (179), the stability of re- 
duced penicillamine solutions was studied to find stable 
conditions for standards and samples. Figure 25 shows 
the stability of 1.00 x 107° M PSH in distilled water 
(solution pH 6.2) stored at room temperature (Curve A) 


and 4° c (Curve Bi), and, of 00 "x 107? M PSH in dis- 


tilled water containing 1 g/L Na,H,EDTA*2H,0 at room 
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Figure 25. 


(B) 
(Cc) 


course for the stability of 
x 107? M PSH 


in distilled water (solution pH 6.2) 


stored at room temperature (25-80) 
in distilled water stored at 4° c 


in distilled water containing 1 g/L 


NaH EDTA: 2H50 stored at room tem- 


perature. 
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temperature (Curve C). A curve identical to C was ob- 
tained for a penicillamine-EDTA solution stored at 4° Cc. 
EDTA apparently stabilizes the PSH solutions by com- 
plexing trace metals which catalyze thiol oxidation 
(179). The data in Figure 25 were obtained by comparing 
the peak height obtained chromatographically for a 
stored solution to that of a freshly prepared PSH stan- 
dard. Similar experiments with PSH in 0.2 M HCl solu- 
tion, in normal urine to which 2 M HCl was added to 
give a final HCl concentration of 0.2 M, and in 50 g/L 
metaphosphoric acid solution indicated that PSH in 
these solutions is stable for at least a day at room 
temperature. 

The stability of reduced penicillamine in urine 
was also studied to determine how soon after delivery 
the urine has to be acidified to avoid significant loss 
of PSH by oxidation. The results in Figure 26 indicate 
that urine samples should be acidified immediately 
after delivery. The results were obtained by adding 
0.1 mL of a 1.00 x 107 M PSH solution to 0.8 mL of 
‘ normal urine. After a given time period, the mixture 
was acidified with 0.1 mL of 500 g/L metaphosphoric 
acid. The peak from 10-uL injections was then compared 
to that of a urine solution to which metaphosphoric 
acid had been added before the PSH. From similar ex- 
periments, it was determined that the PSH concentration 


in plasma is not decreased significantly during the 
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Figure 26. Time course for the stability of 
1.1 x 1074 M PSH in normal urine 


at room temperature. 
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time required for centrifugation and analysis, possibly 
because the EDTA present initially in the Vacutainer 
complexes trace metals which catalyze thiol oxidation. 
Standard Curves: Standard curves were obtained 
by plotting peak height (nA) vs. the PSH concentration 
of standard solutions. The calibration curve for plasma 
was prepared from standard PSH solutions containing 
50 g/L metaphosphoric acid. Calibration curves for re- 
duced penicillamine in urine and for total PSH in 
plasma, erythrocytes, whole blood, and urine were pre- 
pared from standard PSH solutions in 0.2 M HCl. Cali- 
bration curves were linear from 5 x 107! M to 1 x 107? M 
PSH. At 5 x 107! M the signal-to-noise ratio was 5:1, 
where S/N = average signal amplitude/RMS noise with RMS 
noise = average peak-to-peak noise/2.5. To give some 
indication of the sensitivity of this method, 10 uL 
of 5 x 107! M PSH corresponds to 0.75 ng of PSH. 
Disulfide Exchange Reactions: Thiols and disul- 
fides undergo disulfide exchange reactions (180), the 
rates of which are pH dependent, decreasing rapidly as 
' the pH decreases because the deprotonated form of the 
thiol is the reactive form (181). In the procedure for 
the determination of PSH in whole blood, the sample is 
first hemolyzed with a dilute EDTA solution at near 
neutral pH. Hemolysis releases the reduced and oxidized 


penicillamine as well as the other thiols and disul- 


fides of the erythrocyte. After about 1 min., 
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metaphosphoric acid is added which lowers the pH, thus 
essentially stopping any disulfide exchange, and pre- 
cipitates the proteins. To determine if a significant 
amount of PSH is formed or lost by disulfide exchange 
with oxidized or reduced glutathione, GSSG and GSH, 
respectively, the forward rates for the disulfide ex- 
change reactions represented by Equations 13, 14, and 


15 were measured. 


PSSP + GSH ==  PSSG + PSH (13) 
PSSC + GSH >=  GSSC + PSH (14) 
GSSG + PSH == PSSG + GSH (15) 


Penicillamine-cysteine mixed disulfide (PSSC) was tes- 
ted in addition to PSSP since both have been found to 
be major metabolites in patients treated for rheumatoid 
arthritis with D-penicillamine (177,178). The experi- 
ments were performed at 25 $C. phosphate-citrate 
buffer of pH 7.5 and ionic strength of 0.04. All so- 
lutions were thoroughly deaerated before mixing, and 
oxygen-scrubbed nitrogen was bubbled through the so- 
lutions during the reaction to provide effective mixing. 
In the study of Reactions 13 and 14, the PSH concentra- 


tion was measured as a function of time by determining 
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the PSH in aliquots. The reaction was stopped by making 
the aliquots 0.2 M in HCl. For reaction times of less 
than 1 min., the whole test solution, rather than an 
aliquot, was acidified by rapidly adding enough 2 M HCl 
with a tuberculin syringe to make the final solution 
0.2 M in HCl. In the study of Reaction 15, the GSH con- 
centration was measured as a function of time by HPLC 
(Chapter V). The initial change in PSH concentration is 
too small to permit precise values for the forward rate 
constant Ke to be obtained when the decrease in PSH is 
measured. 

The time course for formation of PSH by disul- 
fide exchange in a solution initially containing 
1.00 x 107? M PSSP and 1.00 x 10°? M GSH is shown in 
Figure 27. From the initial rate of the reaction which 
is linear with time up to about 3 min. as shown in 
Figure 28, the forward rate constant (defined by Equ- 
ation 16) for Reaction 13 was found to be 


2.8 x 107° L/mol-s. 


= k,|PssP][c¢sH] (16) 


Changing either the initial PSSP or the GSH concentra- 
tion by a factor of 2 did not alter the observed rate 


constant. The forward rate constants for Reactions 14 
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Figure 27. 
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Time course for the formation of PSH by the 


disulfide exchange reaction 


PSSP + GSH === PSSG + PSH 


Solution conditions were phosphate-citrate 


buffer of pH 7.5 and ionic strength of 0.04, 


25° Cc. The solution initially contained 


4.00 x 107° M PSSP and 1.00 x 107° M GSH. 
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Figure 28. Time course for the initial 3 min. of 
the reaction for which the results are 


shown in Figure 27. 
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and 15 at identical conditions were 0.73 L/mol*s and 
0.43 L/mol-s, respectively. These rate constants coup- 
led with the small concentrations of GSH and GSSG in 
the hemolyzed solutions indicate that essentially no 
PSH is lost or formed by disulfide exchange during the 
hemolysis step. 

Reduced Penicillamine_in Blood and Urine: Fig- 
ures 29 and 30 show typical chromatograms obtained for 
a urine and a whole blood sample from a rheumatoid 
arthritis patient on penicillamine therapy. The sharp, 
unretained peaks at ca. 1 min. after sample injection 
are due to a combination of double layer capacitance 
effects, which result from the sample medium being dif- 
ferent from the mobile phase, and detector response to 
chloride, traces of cysteine and, in the case of whole 
blood and erythrocyte samples, reduced glutathione in 
the sample. Both cysteine and reduced glutathione are 
essentially unretained with the chromatographic con- 
ditions used. The peak appearing between the PSH peak 
at about 3 min. and the unretained peak in Figure 30 
_is possibly due to hydrolysis products of GSH such as 
L-cysteinylglycine or yY-L-glutamyl-L-cysteine since it 
did not appear in plasma samples. 

The reduced penicillamine levels of the urine 
and blood from outpatients at the University of Alberta 
Hospital who were being treated with 750 mg of D-peni- 


cillamine per day for rheumatoid arthritis are listed 
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Figure 29. Representative chromatogram obtained for 
a urine sample from a patient on D-peni- 
Cillamine therapy for rheumatoid arthritis. 
Peak height corresponds to 5.7 x 107° M 
PSH. 


Pu 


7 0 SOG ae eo tie Go Coe 7 
hon Sh eh 


. yo a ene [ae 
: : ae ie. 7 ee a. 


tH% dectetdo sen ACtROEAR oe hind 7 Y . 
wkrloged ac. amt? a, & “7 ieincad onang a a” 


Selina ‘piovanpads cpanedd ou batcaL AR: = 
Te "Gk & Sok ite sara ae hey ' 
. : + ¥ ; é “ i ; 
fi ii mi Lit ry i ‘ 
Lice ln ate tals ca ie pin 
ee S ve - ° ) 7h; bit ” a 
yy 7 oa a ea ital ae | igh — 7 : ia 


ns haw ar fai a 


— 


Gerages WARE tog (ate 


ry; rts Ms) on Piles 


RS OPM iee 


[5 


2 4 
TIME, min 


Figure 30. 


Representative chromatogram obtained for 
a whole blood sample from a patient on 


D-penicillamine therapy for rheumatoid 


arthritis. The penicillamine peak occurs 


at about 3 min. Peak height corresponds 
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in Table 3. The penicillamine was taken orally in doses 
of 250 mg. Approximate time intervals after the last 
tablet as indicated by the patients are also listed in 
Table 3. The average relative standard deviations for 
the determination of reduced penicillamine in the 
various sample media, calculated from the results of 
3-5 injections for each sample, are also given in Table 
3. The relative standard deviations for the packed 
erythrocytes and whole blood results are generally lar- 
ger than those for Tene and plasma analysis because, 
after sample preparation, the PSH levels of the packed 
erythrocytes and whole blood samples encountered in 
this work approach the detection limit of the detector. 
Recoveries of 98 t 3% and 99 t 3% were obtained for PSH 
added to two separate plasma samples immediately before 
acidification. The amount of PSH added was of the same 
order as that originally present. 

Besides plasma, several serum samples from 
patients treated with D-penicillamine for rheumatoid 
arthritis were assayed for PSH. The serum which was 
' treated the same way as plasma, gave considerably lower 
results than those obtained for plasma. When exposed to 
air without having been acidified, the samples showed a 
rapid decrease in PSH concentration. The difficulties 
encountered with serum as compared to plasma are there- 
fore most probably due to the absence of EDTA in the 


case of serum which leaves heavy metal ions free to 
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catalyze air oxidation of PSH. 

Total _Penicillamine in Blood and Urine: The 
procedure for total penicillamine gives the sum of the 
reduced penicillamine and the oxidized penicillamine 
(PSSP and PSSC) (178,182) in the nonprotein fraction. 
The procedure is based on the quantitative reduction of 
the oxidized forms, followed by determination by HPLC 
of the total reduced penicillamine. Several methods of 
disulfide reduction were studied in addition to the 
electrolysis method. 

A chemical reduction of PSSP with NaBH at room 
temperature was attempted. To 5 mL of 1.0 x 107° M PSSP, 
deaerated with oxygen-scrubbed nitrogen, was added 
100 mg of solid NaBH, . After 30 min., the reaction was 
stopped by dropwise addition of 30% HzPO4. This gave a 
yield of less than 5%, in agreement with reported re- 


o+ 


sults G42)¢wAdditiom of 'Cu as catalyst increased the 


yield to 66%. Other metal ions, e.g. Fe, ce and 


He*t 


» aS catalysts gave lower and irreproducible yields. 
All metal ions were complexed with excess EDTA at the 

- completion of the reaction. Besides giving less than 
quantitative reduction, procedures with NaBH, were te- 
dious and required complete deaeration of samples, 

which caused excessive foaming of urine samples. Reduc- 
tion with sulfite was also attempted, but without suc- 


cess. Some attempts based on reduction by disulfide 


exchange with sulfhydryl-containing molecules gave low 
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yields. An additional consideration is that the thiol 
added in excess should preferably be unretained with 
the chromatographic eoudi tions used so as to avoid 
interference with the PSH determination or saturation 
of the ion exchanger. 

Electroreduction at a Hg pool cathode was found 
to be quantitative for both PSSP and PSSC, was complete 
within 10-15 min. at an electrolysis current of 6.43 mA, 
and did not require deaeration of the sample solution 
either before or during electrolysis. The recovery of 
PSSP (1.00 x 107° M) added to the urine of several 
rheumatoid arthritis patients on penicillamine therapy 
was 100 + 34, 98 + 2%, and 97.5 + 2%, and 98.2 + 1.3% 
recovery was obtained for PSSP added to 8 normal urine 
samples. Penicillamine-cysteine mixed disulfide gave 
recoveries of 99 + 2% and 98 + 2% when added to normal 
urine to give a 1.00 x 107? M PSSC solution. All urines 
were diluted at least 2:25 with 0.2 M HCl because it 
was observed that a yellowish film formed on the Hg 
surface and gave poor recoveries for several less di- 

- luted urine samples. Recoveries of 103 + 3% and 97 + 3% 
were obtained for PSSP added to the plasma of rheuma- 
Coidsarthritis patients. Bor PSSC, the recoveries were 
98.5 + 3% and 99 + 3%. 

The total penicillamine levels in the urine and 
blood from patients treated with 750 mg of D-penicill- 


amine per day for rheumatoid arthritis are given in 
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Table 3. The average relative standard deviations for 
the determinations, calculated as described above for 
reduced penicillamine, are also given in Table 3. 

To determine if the results listed in Table 3 
for reduced and total penicillamine in plasma, packed 
erythrocytes, and whole blood are internally consis- 
tent, the reduced and total penicillamine concentra- 
tions of whole blood were predicted from the levels 
found for plasma and packed erythrocytes and the esti- 
mated hematocrit. The calculated and observed concen- 
trations show good agreement. 

Direct detection of oxidized penicillamine with 
the electrochemical detector operated at -1.2 V vs. SCE 
was also attempted. The 0.2 xX 30-cm Zipax SCX column 
was used with a phosphate-citrate buffer of pH 4.0 
(ionic strength of 0.1). Under these conditions, the 
detection limit was approximately 5 x 107* M PSSP, 
which is too high for direct detection to be applicable 
to the samples encountered in the present work. 

Plasma Clearance Test: To determine whether the 
assay developed for penicillamine would be of practical 
value in more extensive pharmacokinetic and bioavaila- 
bility studies in patients receiving D-penicillamine 
for rheumatoid arthritis, a PSH clearance test was per- 
formed in two volunteers in collaboration with the Rheu- 
matic Disease Unit at the University of Alberta. Figure 


31 shows the plasma levels obtained after ingestion of 
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Time course for plasma penicillamine con- 
centrations in two subjects after inges- 


tion of 750 mg of D-penicillamine. 


fe) fe) o: Subject A. Initial dose of 
250 mg and then 500 mg 
D-penicillamine 4 hours 
later. 

@ 6 e: Subject B. Single 750 mg 


dose of D-penicillamine. 
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---- Total penicillamine 


—— Reduced penicillamine 


pity Bea eye ahsore Vegrapy7 
Hours after initial dose of penicillamine 


- 


bos: 


750 mg of D-penicillamine in the two volunteers. Sub- 
ject A, a normal male adult, had not received any pre- 
vious penicillamine and ingested initially 250 mg, then 
4 hours later a further 500 mg. Subject B, a female 
adult with rheumatoid arthritis, had received 250 mg 

of D-penicillamine on the two preceding days and on 

the morning of the test, immediately after the initial 
blood sample, ingested 750 mg D-penicillamine ina 
single dose. Urine was collected in HCl-containing ves- 
sels over the next 8 hours in two 4-hour periods. The 


results of this are shown in Table 4. 


D. Discussion 


The very low penicillamine detection limits of 
the procedure described in this chapter result from the 
high sensitivity of the Hg pool electrode for the sulf- 
hydryl group. Selectivity is achieved by coupling the 
electrode with a liquid chromatographic separation. Be- 
cause the detector responds only to chloride and the 
sulfhydryl-containing amino acids and peptides in the 
sample when operated at a potential of +0.1 V vs. SCE, 
it is only necessary that the chromatographic step 
separate penicillamine from the other sulfhydryl-con- 
taining molecules. This is easily and quickly done; 
with the mobile phase and chromatographic column used, 
penicillamine is eluted with a retention time of ca. 


3.3 min. whereas cysteine and glutathione are essenti- 
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ally unretained. 

In contrast, the chromatographic step in auto 
analyzer procedures with ninhydrin detection must re- 
solve the penicillamine from all other ninhydrin- 
positive components of the sample. Because of the com- 
plexity of biological fluids, this can require long 
elution times. For example, in a recent study of peni- 
cillamine metabolism, elution times on the order of 
8 hours were necessary to elute penicillamine disul- 
fide (178). It is of interest that with the auto ana- 
lyzer method no reduced penicillamine could be detected 
in fresh urine from patients on D-penicillamine therapy 
for the treatment of rheumatoid arthritis or cystin- 
uria (178), which is considerably different from the 
findings of the present study (Table 3). The failure to 
detect reduced penicillamine in the previous study 
could be due to its rapid oxidation since no mention is 
made of precautions to exclude oxygen from reagents or 
mobile phase, or to incomplete resolution of reduced 
penicillamine from other ninhydrin-positive components, 
perhaps glycine (109). 

Reduced penicillamine in urine and plasma gene- 
rally is determined colorimetrically as its Fe(III) 
complex (108), although this method has been reported 
to lack precision (109). Oxidized penicillamine gene- 
rally is determined by auto analyzer methods with nin- 


hydrin detection. Other methods in the literature 
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include a gas chromatographic determination of the 
esterified forms of reduced and oxidized penicillamine 
as their thiazolidine or Schiff base derivatives, re- 
spectively (132), and an auto analyzer procedure for 
total penicillamine which is based on its quantitative 
conversion to penicillaminic acid by performic acid 
oxidation, with ninhydrin detection (109). An immuno- 
logical assay also has been described (183). It would 
seem that the methods described in this chapter offer 
advantages over the methods mentioned above in terms of 
simplicity, analysis time, and the ease with which this 
method can determine both the reduced and oxidized 
penicillamine. 

For the patients encountered in this work, both 
the free and the oxidized penicillamine in the blood 
was distributed unevenly between the plasma and ery- 
throcytes, with the reduced penicillamine concentration 
some 2-4 times higher and the total penicillamine some 
5-10 times higher in the plasma. It also is of interest 
that the distribution between the reduced and oxidized 
forms is considerably different for plasma and red 
blood cells, as indicated by the ratio of total peni- 
Cillamine to reduced penicillamine concentrations 
(Table 5). Most significant, perhaps, is the finding 
that most of the penicillamine in the red blood cells 
is in the reduced form, since the reduced form is the 


active form in the treatment of methylmercury (184) and 
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lead (185) poisoning by penicillamine, and in the pos- 
tulated mechanism of action at the molecular level in 
the treatment of cystinuria (186). Considering the 
intracellular reducing power of the erythrocytes, it is 
to be expected that most of the penicillamine in the 
red blood cells will be present in the reduced form. 
Oxidized penicillamine, once inside the cell, is redu- 
ced in any of three ways (187). 

a) Enzymatically catalyzed reduction by disul- 
fide exchange with the excess glutathione present in 
the cell. 

b) Reduction by disulfide exchange as in sys- 
tem a), but without enzymatic catalysis. 

c) Direct enzymatic reduction of the penicill- 


amine disulfide bond represented by Reaction 17. 


PScP who > 2PSH (Cie7)) 


NAD(P)H NAD(P)* 


The oxidized glutathione produced by processes a) and b) 
is rapidly reduced with a reduced pyridine nucleotide 

in the presence of glutathione reductase, thus main- 
taining the GSH-GSSG status of the cell. 


The wide range of penicillamine concentrations 
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seen in Table 3 correlate poorly with the intervals 
after ingestion. As these were estimates given by the 
patients, they are very approximate values, but this 
may also reflect differences in the pharmacokinetics 

of the drug in different individuals. Penicillamine 
appears to be rapidly excreted through the kidney as 
demonstrated by the relatively high concentration of 
penicillamine found in the urine of patients when com- 
pared to the concentrations seen in plasma. In the two 
subjects studied in more detail, the plasma levels 
appeared to peak between one and two hours after inges- 
tion of the drug (Figure 31) and then fell rapidly with 
Significant urinary excretion, not only of oxidized, 
but also of reduced Se SL ante. It is of interest 
that the ratio of total penicillamine to reduced peni- 
cillamine (Figure 32) in the two subjects rapidly in- 
creases above the normal range obtained from Table 3 
for patients treated with D-penicillamine over an ex- 
tended time period. This indicates that the oxidizing 
power of the plasma towards reduced penicillamine de- 
creases after prolonged treatment with this drug, pro- 
bably due to extensive formation of serum protein- 
penicillamine mixed disulfides (PrSSP) and reduction of 
serum protein-cysteine mixed disulfides (PrSSC) accor- 


ding to Equations 18 and 19. 


Prss0 + She ePrssP t+ OSH (13) 
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Figure 32. 


Time course for the ratio of total peni- 
cillamine to reduced penicillamine cal- 


culated from the data in Figure 31. 


Os *woubgect A. 


on: ouuject B. 


TIT ; Normal range according to 
Table 3 for patients treated 
with D-penicillamine over 


an extended time period. 
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Prssc + PSH z= PrsH + PSSC (19) 


If the reduced penicillamine is the active form of the 
drug in the treatment of rheumatoid arthritis, the 
above postulation could partly explain why most pati- 
ents need to be treated for several months before a 
significant improvement is observed. 

No attempts were made to try to fit a pharmaco- 
kinetic model to the data in Figure 31 since a single 
dose experiment rarely is enough for reliable kinetic 
results. In addition, the drug was taken orally rather 
than intravenously which complicates the situation to 
such an extent that often two completely different mo- 
dels can be fitted to the data from a single concen- 
tration-time curve (188). The experiment, however, sug- 
gests that the described method may provide a useful 
technique for a more detailed study on the bioavail- 


ability and pharmacokinetics of D-penicillamine. 
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CHAPTER VII 


DETERMINATION OF CYSTEINE IN URINE AND PLASMA AND OF 
HOMOCYSTEINE IN PLASMA 


ke Lntroauctron 


The current methods of choice for the determi- 
nation of cysteine, homocysteine, and their oxidized 
forms cystine, homocystine, and the cysteine-homocys- 
teine mixed disulfide seem to be automated amino acid 
analyses with ninhydrin detection (20,30,32) requiring 
6-13 hours per run. Cysteine and homocysteine are usu- 
ally converted to their S-carboxymethyl derivatives by 
reaction with iodoacetate before the separation step 
(30). 

In this chapter, a simple and sensitive cation- 
exchange procedure with electrochemical detection is 
described for the determination of reduced cysteine and 
total cysteine in urine and plasma and of total homo- 
cysteine in plasma. The totals of cysteine and homocys- 
teine are determined after electroreduction at a mer- 

' cury pool electrode. Results are presented which sug- 
gest that the disulfide exchange reactions between cys- 
teine, cystine, and plasma albumin and its cysteine 
mixed disulfides are a source of error in the iodo- 
acetate method (30) for the determination of cysteine 


in plasma. 
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B. Chromatographic Conditions 


For the urine samples, a 1% HzPO, solution was 
used as eluent, and for the plasma samples, a pH 2.5 
phosphate-citrate buffer of ionic strength of 0.03 was 
used. The separations were performed on the 0.2 x 50-cm 
column dry-packed with Zipax SCX strong cation ex- 
changer. A flow rate of 0.5 mL/min. was used, and the 
electrochemical detector was operated at +0.1 V vs. SCE. 
Under these conditions, the capacity factor for cysteine 
was 1.4 and the capacity factor for homocysteine was 


Sar 


C. Results 


Cysteine in Urine: The reduced and total cys- 
teine levels found in the urine of four normal adult 
males are listed in Table 6. Also listed in Table 6 are 
the results of recovery studies for cystine. In the re- 
covery studies, 1.0 mL of a 5.00 x 1072 M cystine so- 
lution was added to 4.0 mL of urine diluted 2:25 with 
0.2 M HCl. Figure 33 shows a representative chromato- 
gram of reduced cysteine in a urine sample. The unre- 
tained peak appearing at about 1.5 min. is due to double 
layer capacitance effects as well as detector response 
to chloride in the sample. 

A standard addition procedure was used for quan- 


titation of cysteine in urine rather than a calibration 


curve because the retention time of the cysteine 
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Representative chromatogram from the determi- 
nation of cysteine in a urine sample. The 

sharp unretained peak at about 1.5 min. is 

due to changes in double layer capacitance 

at the mercury surface as well as to the 
detector response to chloride present in the 
sample. Peak height corresponds to 1.6 x 107? M 


cysteine. 
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is affected by the urine matrix, probably due to the 
high concentration of potassium ions which tend to 
Saturate the resin. The standard addition was performed 
by adding 0.9 mL of diluted urine to 0.1 mL of a 

1.5 x 1074 M or a 3.0 x 107* M cysteine solution in 

O.2 M HCl. The detector showed linear response for cys- 


teine concentrations in the range of 1072 wm to 107° 


M, 
which is about the limit of detection. 

Cysteine _and Homocysteine in Plasma: The pro- 
cedures developed for plasma samples permit the deter- 
Mination of the levels of reduced cysteine, total cys- 
teine which includes cystine and any other nonprotein 
disulfide forms of cysteine, and total homocysteine 
which has been reported to be present in normal plasma 
in the mixed disulfide form with cysteine (20). A re- 
presentative chromatogram of an electrolyzed plasma 
sample is shown in Figure 34 where the cysteine peak 
appears at 4 min. and the homocysteine peak at about 
6.5 min. The peaks in Figure 34 were identified by com- 
parison with standard solutions containing 40 g/L meta- 
' phosphoric acid and 0.2 M HCl. Under these conditions, 
ergothioneine has a k' of 2.4. The results obtained for 
the plasma from five normal adults are presented in 
Lav LC ils 

During the development of the procedure, the 


contents of one Vacutainer were left exposed to air 


for about 5 min. after centrifugation to determine the 
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Representative chromatogram from the detection 
of cysteine and homocysteine in an electrolyzed 
plasma sample. The sharp unretained peak at 
about 1.5 min. is due to changes in double 
layer capacitance at the mercury surface as 
well as to the detector response to chloride 
present in the sample. The cysteine peak 
appears at 4 min. and the homocysteine peak 

at about 6.5 min. Between 1/2 min. and 2 min., 
recorder sensitivity was changed to keep the 
unretained peak on scale. Peak heights corre- 
spond to 6.0 x 107? M cysteine and 


6 


6.1 x 10 - M homocysteine. 
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extent to which cysteine is lost by oxidation before 
the sample can be acidified. A decrease of approxi- 
mately 5% from the initial cysteine concentration was 
observed, indicating this not to be a significant 
source of error. 

Recovery studies were done for cysteine and cys- 
tine. For cystine, recoveries of 96 + 4% and 99 + 5% 
were obtained by adding 0.5 mL of 5.0 x 107* M cystine 
to 4.5 mL of treated plasma. Several different recovery 
studies were done for cysteine. In one study, cysteine 
was added to the metaphosphoric acid solution used to 
precipitate the plasma proteins. One aliquot of the 


plasma was then acidified with metaphosphoric acid so- 


lution and another with the metaphosphoric acid to which 


had been added cysteine. Two separate experiments gave 


recoveries of 97% and 98%, which validates the procedures 


used. 
In another cysteine recovery study, the Vacu- 
tainers were opened before blood collection, deaerated 


with 0O,-scrubbed nitrogen, and 0.10 mL of a deaerated 


2 
standard cysteine solution in 0.9% NaCl was added. The 
Vacutainers were then evacuated on a vacuum line. Blood 
was then collected, acidified, centrifuged, and 
analyzed as before. As indicated in Table 8, recoveries 


of approximately 15% were obtained for additions of 


cysteine calculated to increase the plasma cysteine 
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concentration by 0.72 x 107°? May On Oak 107? M, and 
1.40 x 107° M. In these studies, the volume of blood 
collected was obtained by the difference in weight of 
the tube before and after collection, and the plasma 
volume was calculated from the measured hematocrit. In 
the calculations, it was assumed that a negligible 
amount of cysteine enters the blood cells. To determine 


if the amount of EDTA in the Vacutainer has any effect 


on the recovery, a recovery study was done using a stan- 


dard solution of cysteine which also contained 1 g/L of 


NaH EDTA: 2H,0. Again, the recovery was about 15%. Fin- 


ally, the plasma samples to which standard cysteine sol- 


utions had been added were electrolyzed and the total 
cysteine determined. As can be seen from the results 
presented in Table 8, after electrolysis, the recovered 


amount was twice that added (i.e. 200%). 


D. Discussion 


The levels obtained for reduced cysteine in 
urine (Table 6) agree well with those reported by Brig- 
ham et al (30), but are considerably lower than the 
normal range of 5.8 x 107? - 9.0 x 107°? M obtained with 
the DTNB method by Rootwelt (43). The total cysteine 
levels in Table 6, however, are in good agreement with 
the normal range reported by Rootwelt (43), who meas- 
ured total cysteine after reduction of cystine with 


Thiolated Sephadex. The sum of cysteine and cystine 
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measured chromatographically by Brigham et al (30), on 
the other hand, is considerably lower than the total 
cysteine levels presented in Table 6. It has been shown 
that acid hydrolysates of urine give considerably higher 
cystine levels than nonhydrolyzed urine (189) due to the 
presence of conjugated cystine. In the above procedure, 
partial hydrolysis of the conjugate would be expected as 
well as total reduction of liberated and conjugated cys- 
tine during electrolysis. This, in addition to the con- 
tribution from small amounts of mixed disulfides, may 
explain the high cystine values as compared to those 
reported by Brigham et al. 

The levels obtained for reduced cysteine in plas- 
ma (Table 7) lie in a rather narrow concentration range, 
which is considerably lower than the range reported by 
others (30,122,123), all of whom used iodoacetate to 
make the S-carboxymethyl derivative of cysteine. How- 
ever, the total cysteine levels are all higher than the 
sum of the reported normal cysteine and cystine levels 
(30,190). The results from the second set of plasma cys- 
teine recovery studies (Table 8) suggest that these dif- 
ferences result from relatively fast disulfide exchange 
equilibria in the plasma, which affect the results ob- 
tained by methods which employ S-carboxymethyl or other 
S-methyl cysteine derivatives (see later). 


Table 7 also shows the concentrations of total 
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plasma homocysteine. These concentrations are several 
times higher than would be expected if homocysteine were 
present primarily in the cysteine-homocysteine mixed di- 
sulfide form (20). Unless some unidentified sulfhydryl- 
containing molecule interferes with the above homocys- 
teine determination, the difference must be accounted 
for by the presence of homocystine. 

Taken together, the results of the various 
plasma recovery studies indicate that the added cys- 
teine is not lost by oxidation due to the presence of 
oxygen. If so, the recovery after electrolysis would be 
100% rather than the 200% observed. Instead, they are 
consistent with a rather fast disulfide exchange equi- 
librium between cysteine (CSH), cystine (CSSC), protein- 
sulfhydryl groups (PrSH), and protein-cysteine mixed 
@isulfides (PrSSC) as represented by Equation 20. 


GSHst -PrSSC + ~———- .C SSC H+ yersH (20) 


Evidence for protein-cysteine mixed disulfides in 
plasma was first observed by King (191), and a normal 
concentration of about 300 micromolar has been indi- 
cated (192). The serum protein sulfhydryl content of 
normal persons is quite stable, and rarely fluctuates 
below the 400-600 micromolar range (193). Using these 


values and the measured concentrations of cysteine and 
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cystine, an equilibrium constant as defined by Equa- 


tion 21 


[cssc] [Prsx] 
[CsH] [Prssc | 


(21) 
was estimated for the above reaction. As can be seen 
from Table 8, the calculated values for K from results 
obtained with and without the addition of cysteine are 
approximately the same, which indicates that the disul- 
fide exchange equilibrium is established within the 
time scale of these experiments (approximately 10 min.). 
The presence of a rather fast equilibrium between serum 
albumin and thiols or disulfides has also been observed 
by others (194,195). 

In those methods which use excess iodoacetate to 
make the S-carboxymethyl derivative of cysteine, the 
protein-SH groups are also converted into the S-carboxy- 
methyl derivative form. Depending on the rate constants 
for the reaction between iodoacetate and cysteine and 
for the reaction between iodoacetate and the protein-SH 
groups, the equilibrium represented by Equation 20 will 
shift to the left or to the right during derivatization. 
Since the methods employing the S-carboxymethyl deriva- 
tive of cysteine give high results for cysteine and low 


results for cystine when compared with the results 
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obtained by the HPLC method with electrochemical detec- 
tion, it appears that iodoacetate reacts faster with 
cysteine than with the protein-SH groups. This causes 
the equilibrium represented by Equation 20 to shift to 
the left resulting in a production of more cysteine 
which gives high values for cysteine and low values for 
cystine. In the HPLC method with electrochemical detec- 
tion, the position of the equilibrium is frozen upon 
acidification of the plasma. These considerations 
suggest that the results in Table 7 more nearly repre- 
sent normal plasma cysteine and cystine levels than do 
the currently accepted values (30,122,123,190). 

The described HPLC methods are fast and sensi- 
tive, and both the reduced and total cysteine levels 
and the total homocysteine level can be determined. 
Since the thiols are the only components, apart from 
chloride, of plasma and urine which are electroactive 
at the applied potential of +0.1 V vs. SCE, this re- 
duces considerably the requirements and the time of the 
chromatographic step as compared to amino acid analyzer 


procedures using ninhydrin detection. 
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CHAPTER VIII 


DETERMINATION OF CYSTEINE AND GLUTATHIONE IN SOME 
FRUITS 


Ae “introduction 


The main nonprotein thiols in plants are cys- 
teine and glutathione. Exceptions include the mung 
bean, which contains homoglutathione (196). Nonprotein 
thiols are thought to be involved in various aspects of 
plant physiology, including such processes as proto- 
plasmic streaming (197), electron transport and phos- 
phorylation during photosynthesis (198), cell division 
(199), and keeping ascorbic acid in its reduced form 
(80). They also are thought to be involved in frost 
hardiness (200,201), and it has been demonstrated that 
thiol compounds and thiol reagents can regulate the 
ripening of Bartlett pears (202). Knowledge about these 
processes at the molecular level, which at present is 
limited, requires selective and sensitive methods of 
analysis. There are few reports in the literature on 
the determination of nonprotein thiols in fruits and 
vegetables. 

In this chapter, the approach of liquid chroma- 
tography with selective electrochemical detection to 
determine the concentrations of cysteine and gluta- 
thione in some fruits is described. Since the technique 


is applicable to thiols in general, it should be easily 
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extendable to the determination of cysteine and other 
thiol compounds in plant protein hydrolysates and other 


food products. 


B. Chromatographic Conditions 


A 0.5% HPO, solution was used as eluent. Sepa- 
ration of cysteine and glutathione was performed on the 
O.2 X 50-cm Zipax SCX strong cation-exchange column. A 
flow rate of 0.5 mL/min. was used, and the electro- 
chemical detector was operated at +0.1 V vs. SCE. Under 
these conditions, the capacity factor for glutathione 


was 0.9 and for cysteine 1.8. 


C. Results 


Figure 35 shows a typical chromatogram obtained 
for juice from a ripe tomato treated as described at 
the end of Chapter II. The unretained peak at sient 
1.5 min. after sample injection is due to double layer 
capacitance effects combined with detector response to 
chloride in the sample. The peaks at ca. 3 min. and 4.5 
min. are due to glutathione and cysteine, respectively. 
fhe total elution time is about 6 min. The limits of 
Getection for the described conditions are ca. 


2 x 407° 6 


M for glutathione and ca. 3 x 10° M for cys- 
teine. The levels of glutathione and cysteine in 
various fruits investigated are listed in Table 9. 


Standard mixtures of glutathione and cysteine were 
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Eigure) 35. Representative chromatogram obtained from 
juice from a ripe tomato. Peak heights 
correspond to 6.8 x 107? M glutathione 


and 4.6 x 107° M cysteine. 
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TABLE 9 


Concentrations of Cysteine (CSH) and Glutathione (GSH) 
in the Juice of Various Fruits® 


Sample [esx] > [csu]° 
Tomato 1 Sd bea 
Tomato 2 10.6 
Tomato 3 one 
Tomato juice (Libby’s) 2a 
Orange 1 0.9 
Orange 2 0.8 
Green grapes 0.9 
Lemon 0.3 
Kiwi-fruit 147 
Cantaloupe 0.4 


a) The concentrations given are the result of repli- 
cate analyses with average relative standard 
deviations of = 4.0%. 


b) 10° x moles/L. 
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prepared in 1% HPO, and calibration curves were pre- 
pared in terms of the height of the chromatographic 
peak vs. thiol concentration. 

The stability of cysteine and glutathione to 
oxidation in some of the juices was also studied. The 
juices were left exposed to the air at room temperature 
for varying periods of time before acidification with 
HPO, - Typical results are presented in Table 10. In 
the juice from the tomatoes, glutathione appears to be 
oxidized faster than cysteine, which is surprising in 
view of the report that glutathione is the more stable 
towards oxidation (203). In general, it is to be ex- 
pected that the stability of the thiols will depend on 
the pH of the juice, and as discussed in Chapter II, 
Section D, once the sample is acidified, both cysteine 
and glutathione are stable on the time scale of these 


determinations. 


D. Discussion 


The described HPLC method is fast and sensitive, 
and with this method both the cysteine and glutathione 
levels can be determined simultaneously. Since the 
thiol compounds are the only components of fruit which 
are electroactive at the applied potential of +0.1 V 
vs. SCE, the only requirement of the chromatographic 
step is that it separate cysteine from glutathione. To 


test for potential interference from ascorbic acid, a 
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TABLE 10 


Stability of Cysteine (CSH) and Glutathione (GSH) in 


Fruit Juices to Oxidation 


Tomato Juice 


Orange Juice 


[csu] ® 


0 0.9 
4 hr 0.9 
i} dbo 0.9 
niva lag 


a) The length of time the fruit juice was exposed 
to air before acidification. 


b) 10° x moles/L. 
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1.0 x 107° M solution of this vitamin was injected onto 
the column. This gave no response apart from the unre- 
tained peak at about 1.5 min. 

The present study focused on the development of 
a method for the determination of the reduced forms of 
cysteine and glutathione. With a pre-electrolysis of 
the sample at a mercury pool electrode as described in 
the previous chapters for blood and urine analyses, it 
should be possible to determine the totals of the cys- 
teine and of the glutathione in the reduced and the 
nonprotein disulfide forms by this method. 

Other methods which have been used for the de- 
termination of the nonprotein thiol content of fruits 
and other plant materials include an argentimetric- 
amperometric titration (200,204,205), polarography 
(80), colorimetry based on reaction with Ellman’s re- 
agent (206), a p-chloromercurybenzoate titration (207), 
and filter paper chromatography (208). In comparison 
to the HPLC method, the titration, polarographic, and 
colorimetric methods provide only the total nonprotein 
thiol content. The filter paper chromatography method 
is selective but considerably more involved. Jansen and 
Jang (207) achieved selectivity by an elaborate pro- 
cedure which required some 60 liters of juice. 

It is of interest that, of the various fruits 


investigated, only the tomatoes contained a significant 
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amount of cysteine. This result is in disagreement with 
the results of Zuman (80) who concluded from polarogra- 
phic measurements that his tomato samples contained only 
glutathione. It may be that the different kinds of to- 
matoes studied contain different relative amounts of 
cysteine and glutathione. The two oranges tested con- 
tained less glutathione and cysteine than found by 
Miller and Rockland (208). Again, this may be due to 
different varieties or to the oxidation of thiol during 
storage of the oranges. The highest glutathione concen- 
trations were found in kiwi-fruit and green grapes, 


whereas the lowest level appeared in the lemon. 
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